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for the Degree of Doctor of Philosophy and entitled
A study of microviscosity in liquid crystals using laser tweezers. April 2012

The dynamic response characteristics of a liquid crystal (LC) device are de-
pendent upon its viscosity coefficients which are particularly important for op-
timising L.C devices. Micron-sized polystyrene and silica particles are dispersed
in two nematic LC mixtures; MLC-6648 and MLC-6609, with homeotropic and
planar alignment. The microfluidic behaviour of the LC is investigated using a
computer-controlled laser tweezing system, where particle tracking is performed
using high-speed video microscopy. Laser tweezers rely upon momentum conser-
vation and radiation pressure exerted by light to manipulate and rotate micron-
size particles and cells, including E.coli, DNA, dielectric colloids in a selection of
media, such as water and liquid crystals. The technique can measure picoNew-
ton (pN) forces with pN accuracy. The laser tweezing system is built around
a commerically available, inverted optical microscope and employs an Nd:YVOy,
laser operating at a wavelength A\ of 1064 nm. Prior to performing any measure-
ments in LCs, power, position and trap stiffness calibration in three dimensions
is completed using both active and passive techniques. The laser tweezing system
is initially used for microviscometry measurements in water—glycerol (WG) mix-
tures with varying glycerol concentration since the relationship between viscosity
and glycerol concentration is well characterised. Both active and passive methods
are employed to determine the effective viscosity coefficients parallel and perpen-
dicular to the LC director n; n!ff and nZk;, respectively. Measurements are made
in the low Reynolds and Ericksen number regimes, where viscosity is described by
Stokes’ law and reorientation of 7 is considered negligible. The anisotropic nature
of the LC’s viscosity is successfully observed using active and passive microvis-
cometry. As expected, for both MLC-6648 and MLC-6609, nZ > U!ﬁ for cells
with both homeotropic and planar alignment. Values are in good agreement with
the bulk flow viscosities quoted by the manufacturer and, in the case of MLC-
6648, are consistent with measurements made using laser tweezers under the same
conditions. For MLC-6609, the data deviate when comparing with values pub-
lished in the literature. However, those values were measured using a shear flow
measurement technique not in the low Ericksen number regime. Factors affecting
measurement of 7. in LCs using laser tweezers are discussed, including reorien-
tation of n due to the trapping laser beam, anchoring of n at the particle surface
and accuracy of particle tracking. The results illustrate that system’s capability
to detect microscopic changes in anisotropic viscosity of LCs through observation
of the dynamics of optically trapped particles.
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Quotes

“Mini Me, stop humpzng the “Y9aser”™”
“You know, I have one simple request. And that is to have sharks with frickin’ laser

beams attached to their heads!”
Dr. Evil in Austin Powers (1997 & 1999)

Mr. Potato Head: Hey, a laser! How come you don’t have a laser, Woody?
Woody: [t’s not a laser! It’s a little light bulb that blinks!
Hamm: What’s with him?
Mr. Potato Head: Laser envy.
Toy Story (1995)

“If I were creating the world I wouldn’t mess about with butterflies and daffodils. I would

have started with lasers, eight o’clock, Day One!”
Evil in Time Bandits (1981)

Sheldon: In 1917 when Albert Finstein established the theoretic foundation for the laser
in his paper “Zur Quantentheorie der Strahlung” 1|, his fondest hope was that the re-
sultant device be bitchin’.

Zack: Muission accomplished.
Big Bang Theory: The Lunar Excitation (#3.23, 2010)

“We shall call you Laser Jen! POW POW!’
Jennifer Gupta and Nadya Kunawicz
of JBCA, The University of Manchester (2008)

¥ bitchin’ [bich-uhn| adjective, slang
meaning: wonderful, marvellous, spectacularly good
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Chapter 1
Introduction

Optical trapping, as a means to manipulate and study micron-sized dielectric
particles, has advanced significantly since the first steps towards the technology
were taken more than 40 years ago by Arthur Ashkin [2]. Since the success-
ful demonstration of the first single-beam optical trap for dielectric particles by
Ashkin et al. in 1986 [3], ‘laser tweezers’ — the popular name when referring to
optical trapping — have become one of the most popular techniques employed
for manipulating such particles and determining their characteristics, resulting in
the proliferation of further innovative optical trapping technologies. The range of
laser tweezing applications is rapidly growing, with the current focus on biologi-
cal and microanalytical systems as well as the integration of laser tweezers with

already well established investigative techniques [4].

This chapter aims to establish the historial background of optical trapping,
giving a brief synopsis of the relevant literature and popular research methods.
It also endeavours to ultimately identify how the research in this thesis can con-
tribute to the fields of optical trapping, microfluidics and liquid crystal physics,

and address some of the unanswered questions.

1.1 Historical background

Conventional laser tweezers employ the radiation pressure created by a tightly

focussed laser beam impinging on the surface of microscopic particles. However,
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CHAPTER 1: INTRODUCTION

even before the use of the word ‘laser’ by Gordon Gould in a 1959 conference
paper [5] and construction of the first laser — a ruby laser — by Theodore Maiman
in 1960 [6], two publications in 1901 by Lebedev 7|, and Nichols and Hull [§]
provided independent demonstrations of the existence of radiation pressure using

a focussed arc lamp [9, 10].

It was Arthur Ashkin who pioneered optical manipulation whilst working at
Bell Telephone Laboratories during the 1970s and 1980s where he used trans-
parent particles in transparent media to observe and employ radiation pressure.
Ashkin’s first paper in 1969 [2]|, in which he demonstrates light-guided particle
motion due to radiation pressure, established the field of optical trapping. The
experiment was relatively simple; illuminating a sample of 10 um transparent la-
tex spheres suspended in water using a weakly focussed, few-mW Argon ion laser

beam with a wavelength of 514.5 nm and a Gaussian beam profile.

A host of publications subsequently followed [11-18]|, including the levitation
of particles as described in a paper by Ashkin and Diedzic in 1971 [11], in which
the beam was inverted such that the radiation pressure was balanced by the force
due to gravity, and optical levitation of charged and neutral liquid droplets |[13].
Ultimately, the 1986 paper by Ashkin et al. [3] cemented the field of optical
trapping with the demonstration of the first single-beam 3D optical trap, i.e.
complete 3D confinement in the axial and transverse directions. Compared with
the low index lenses used up until this point, colloids of glass, polystyrene and
silica (~ 25nm — 10 pm) dispersed in water were trapped using a high numerical
aperture microscope objective lens. A popular implementation of laser tweezers

based on Ashkin’s early experiments is shown in Fig. 1.1.

Ashkin soon recognised the potential of optical trapping for biological appli-
cations and, in a 1987 paper with Diedzic [19], used laser tweezers to manipu-
late viruses and bacterica, including Escherichia coli, also using an Argon ion
laser beam with a wavelength of 514.5nm. However, it was soon realised visible
light was easily absorbed by biological samples leading to their optical damage
(termed ‘opticution’) but absorb weakly in the near-infrared (NIR) region of the
electromagnetic spectrum. So, in a second 1987 paper, Ashkin, Dziedzic and
Yamane [20] employed an Nd:YAG infrared laser to significantly reduce optical
damage of living cells. This wavelength range is now typical in biological appli-

cations of optical trapping. [10]
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Figure 1.1: A popular implementation of laser tweezers; a tightly focussed laser
beam using a microscope objective lens with a high numerical aperture to optically
trap particles in suspension.

The field of optical trapping soon began to expand and a multitude of publica-
tions ensued. Further details of the history and development of optical trapping
can be found in comprehensive reviews by McGloin [9], Padgett, Molloy and
McGloin [10] and Ashkin himself [21].

1.2 Current state of laser tweezers

Further research into the development or application of laser tweezers has seen
phenomenal interest; at the time of writing, Ashkin’s original 1970 paper [2]
had over 1,900 citations and his 1986 paper [3] being cited almost 3,000 times! In
addition, several publications exist geared towards undergraduates understanding
and experimenting with optical tweezers [22-27], illustrating the acceptance of the

technique into mainstream optics.

In June 2010, marking more than a century of related research|7, 8|, a book
providing a comprehensive introduction to the theory, methods and applications
of laser tweezers was published. Optical Tweezers: Methods and Applications
by Padgett, Molloy and McGloin [10] comprises reprints of approximately 60

landmark publications and refers to more than 400 pieces of related literature.

The scope of achievements with laser tweezers continues to expand as the
technique progresses alongside and in partnership with contemporary technology.
At the start of 2011, a publication detailed the use of an Apple iPad — a thin,
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tablet computer controlled via a multi-touch display — to control multiple par-
ticles with laser tweezers [28]. The iTweezers interface can wirelessly control a
computer which hosts and runs the optical trapping software, hence overcom-
ing the limitations of mouse-based interfaces. At the end of 2011, researchers
in Germany developed a microscopic heat engine; a Stirling engine, whose piston
mechanism is powered by an optically trapped particle, as described in the Nature

Physics publication by Blickle and Bechinger [29].

The start of 2012 has already seen the ‘nanoear’; a trapped 60nm gold
nanoparticle as an acoustic receiver. Ohlinger et al. [30] introduced sound waves
to the surrounding liquid media by either heating surrounding gold nanoparti-
cles or via a loudspeaker, and observed the effect on the nanoparticle’s position

fluctuations and their frequency response.

1.3 Novel beams for optical manipulation

Higher order beams, which have been employed in laser tweezers with some in-
teresting results, are usually referred to as ‘optical vortices’ |31] often generated
using a spatial light modulator (SLM), producing a plethora of different beam

modes. Some popular novel beams are described below and shown in Fig. 1.2.

As described in a comprehensive journal article by Yao and Padgett [33], ro-
tating light beams possess angular momentum. An important distinction exists
depending on their rotation as they propagate: if every polarization vector ro-
tates, the light possesses spin angular momentum (SAM); if the phase structure
rotates, the light has orbital angular momentum (OAM), whose magnitude can
be many times greater than the spin. It was recognised that, like spin, OAM
should be quantised in units of A per photon. It is emphasised that the angular
momentum arises from the light surrounding the singularity at the centre, not the
singularity itself. For circularly polarised light, the intrinsic spin of each photon
is aligned giving an angular momentum of oh per photon, where ¢ = +1 for
left and right handed polarisation, respectively [34]. It is possible to derive the
quantisation of spin and orbital angular momentum using Maxwell’s equations.
In most cases, they remain distinct quantities. The ability to produce beams

which carry OAM in a standard optics laboratory has been a realisation in the

Jennifer Louise Sanders 40



CHAPTER 1: INTRODUCTION

(a) Laguerre-Gaussian beams

OO W _

10%
LGoo LGoi- LGy LGo LGos u
50%
(b) Hermite-Gaussian beams .
® @ e 0 100%
) @ £ () G
O O WJl
HGoo  HGo: HGoq HGo HGoo
(c) Bessel beams
Jo
(d) Helical Mathieu beams
HM, HM, HMg
Figure 1.2: Intensity distribution of novel beams for optical trapping.

(a) Laguerre-Gaussian LG, beams, (b) Hermite-Gaussian HG,,,, beams — where
the fundamental mode of both LG and HG beams is a Gaussian beam TEMg, —
(c) Bessel beams J,,,, and (d) Helical Mathieu HM,,, beams [32].

last 20 years [33].

Laguerre-Gaussian beams

Laguerre-Gaussian (LG) beams are circularly symmetric beams with higher order
transverse modes and possess an OAM of [k per photon [34]. Each mode LGy

(whose radial electric field is proportional to the product of a Gaussian and an
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associated Laguerre polynominal L, [35]) is characterised by a radial mode index
p, which determines the radial structure, and an azimuthal mode index [, giving an
OAM of [k per photon to describe its phase structure or helicity |33, 36]. They
have helical wavefronts, annular intensity profiles and carry an orbital angular
momentum which, as shall be seen later in Section 1.5.1, is why they are often

used for rotating trapped particles [37].

LG beams, a selection of which are shown in Fig. 1.2, have been used to
improve axial trapping [38] and to trap low index particles [39] such that rather
than being repelled, they are confined to the centre of the beam; the area devoid
of light. LG modes with [ = 0 and p > 0, resulting in a single intensity minima at
the centre, are referred to as ‘doughnut’ modes as illustrated by LGg;« in Fig. 1.2.
They have been employed in optical trapping in the past to trap and form ring
patterns of 20 pum hollow glass spheres in water [40].

Hermite-Gaussian beams

Analogous to LG beams, the radial electric field of a Hermite-Gaussian (HG)
beam is proportional to the product of a Gaussian and an associated Hermite
polynomial H;, where each mode HG,,, is characterised by two mode indices m
and n which describe the order of H; in the z and y directions, respectively [34].

Figure 1.2 illustrates the intensity distributions of a selection of HG modes.

In addition to using an SLM, LG modes can be generated by converting HG
mode beams with a pair of identical cylindrical lenses [41] and, despite them being
a non-standard choice compared to other novel beams, a rotating high-order HG

beam has been employed to trap and rotate red blood cells [42].

Bessel beams

Bessel beams satisfy the Helmholtz equation and, since their intensity profile
remains unchanged along the propagation direction, are referred to as propagation
invariant or ‘non-diffracting’ beams [36, 43]. They also carry angular momentum
along their axis of propagation. A Bessel beam J,,, should, in theory, have a sharp
on-axis peak and be free of divergence but only approximations to this can be

created experimentally, such as focussing a Gaussian beam through an axicon;
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a conical prism [44|. This technique has been employed to create a zeroth-order
Bessel beam and manipulate a selection of particles such as 1-5 um silica spheres,
elongated glass fragments, Chinese hamster chromosomes and E. coli [44]. The
beam profile and radial intensity distribution of a zeroth-order Bessel beam is
shown in Fig. 1.2. Bessel beams have also been used to improve optical trapping
capabilities [38].

Helical Mathieu beams

Helical Mathieu (HM) beams are also solutions to the Helmholtz equation, specifi-
cally in elliptical co-ordinates, and are non-diffracting beams which possess orbital
angular momentum. Each HM,, mode is characterised by order m, a selection of
which are shown in Fig. 1.2. They have been used to induce controlled rotation

of 3 um polystyrene beads in a solution of heavy water D50, via the transfer of
OAM [45].

The elliptical symmetry of HM beams makes them ideal for trapping and
orientating elongated objects, as shown by the trapping of rod-like silica parti-
cles [32]. Another property of HM beams are their self-healing nature, i.e. they
rebuild their transversal intensity distribution after any disruption from (small)
obstacles [32], thereby facilitating multiple particles stacking in the z direction,

which can then be rotated and potentially employed in microfluidics.

1.4 Multitrapping

Using multiple optical traps has become a well-established and increasingly pop-
ular technique, with publications continuing to highlight development. Several
options exist for creating multiple optical traps, from acousto- and electro-optic
deflection, rapid switching of galvanometer-controlled mirrors and deformable
mirrors to multiple laser sources, diffractive optical elements and holographic
optical tweezers. All of these fall into two main implementation methods; contin-
uous re-positioning or time-sharing of a single beam, or the splitting of a single

beam creating multiple simultaneous traps.

Time-sharing systems have limited functionality. However, provided the re-
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fresh rate of each trap exceeds the trap’s resonant frequency, time-shared traps are
indistinguishable from true multi-beam traps; any lower and trap strength mod-
ulation becomes detectable in particle motion. This limits the number of traps

to approximately 10 due to the restriction on refresh rate to tens of kHz [10].

The generation of multiple, individual traps is typically created in one of
two ways; using the combination of computer generated holograms (CGHs) and
an SLM, or using a real diffractive optical element (DOE), both of which allow
manipulation in three dimensions. However, whilst DOEs may be cost effective,
SLMs are superior due to their versatility and instant customisability compared
with the static nature of DOEs.

Methods and equipment for both types of multitrapping shall now be de-

scribed in further detail.

Deformable Mirrors

Deformable mirrors are adaptive devices consisting of actuators whose position
is altered by the application of electric or magnetic fields. One might consider
them to be grouped within the SLM family alongside the liquid crystal variety,
with a high light efficiency but a lower resolution, e.g. 30-200 actuators. [46]

Deformable mirrors are mainly used in adaptive optics to correct for aber-
rations e.g. in astronomy and microscopy [47]|, but are also used within laser
tweezing experiments |48, 49| where spherical aberrations notably affect the op-

tical trap strength at significant trapping depths from the coverslip surface [36].

Galvo-mirrors

Galvanometer-controlled, or ‘galvo’ mirrors, can be computer controlled to create
multiple optical traps by rapidly scanning a single laser beam between multiple
positions and became one of the first approaches for beam-steering in laser tweez-
ers [50|. The beam should revisit each of the trapped particles at a sufficient rate

to ensure the object does not diffuse a significant distance [37].

Galvo-mirrors have been used to trap up to seven 2 um particles at any one

time [51], and have also been used in combination with an SLM [52] in which the
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SLM created the optical trap array and the galvo-mirrors allowed for its quick
and smooth translation. Whilst they may offer a fast scanning rate, e.g. 1-2kHz,
large deflection angles and negligible power losses at relatively low cost, they have
a low response time, e.g. 100 us, afford a very limited number of traps in only

two dimensions and are prone to wobble and jitter [50, 53, 54].

Acousto- and Electro-Optic Deflectors

Acousto-optic deflectors (AODs) and electro-optic deflectors (EODs) cause an
angular deviation of a single beam to create two or more adjacent traps which

can be computer-controlled [55-58|.

An AOD acts as a Bragg grating such that an acoustic wave travelling at
ultrasonic frequencies through the crystal diffracts the first-order of the incident
beam [54]. Visscher, Brakenhoff and Krol [54] achieved a switching frequency of
21-31 MHz with a maximum trap seperation of ~10 um. However, AODs have
relatively low diffraction efficiency, e.g. a maximum of 80 %, which is often change-
able over the acoustic bandwidth. This creates significant variation, e.g. 10-15 %,
in optical trap stiffness depending on angular deflection. Similar to galvo-mirrors,
AODs are susceptible to hysteresis which can result in the manifestation of arti-

facts within the position signal [59].

EODs apply an electric field to an electro-optic material which induces a linear
refractive index gradient to deflect the beam [54]. Compared with AODs, the
optical alignment of EODs is more straightforward. They also provide improved
light throughput (as much as 90 %), a switching frequency around 10 MHz, and
reduced deflection-angle errors |50, 54, 58]. EODs can however be problematic
due to wavefront distortions caused by crystal imperfections and low seperation

of trapping beams, e.g. ~1 um [54].

Diffractive Optical Elements

A DOE or ‘mask’ creates multiple beams by modification of the phase or am-
plitude of the input beam. They are advantageous as they are inexpensive, easy
to integrate and commercially available. Unfortunately, they are limited by their

static nature and as such, tend to be designed for specific applications. Diffractive
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optics have been successfully integrated with laser tweezers to generate multiple
optical traps, such as a 4x4 array [60], and an optical lattice for optical sorting

of particles in microfluidic channels [61].

Spatial Light Modulators

An alternative method for creating multiple traps is presented in the form of
holographic optical tweezers (HOTs) by the use of an SLM; a computer controlled
DOE made of a liquid crystal which allows the point spread function (PSF) of
each optical trap to be individually addressed [62, 63]. SLMs are a very popular
choice for multiple laser tweezers and have been employed for translating multiple
particles in two |64] and three dimensions [65|. The active area of a typical SLM
is around 2 cm?, with upto 2 million pixels and operates by modulation of the

incident beam’s phase or amplitude [46].

Depending on the compute- generated hologram applied to the SLM, a number
of different optical trap configurations can be created. These include generation of
novel beams for OAM transfer inducing particle rotation and of course, single op-
tical traps if desired. They can also be used for aberration correction as employed
by Cizmar, Mazilu and Dholakia to optically trap 5 um polystyrene spheres dis-
persed in a highly turbid and diffusive media; a sample of poly(dimethylsiloxane
(PDMS) with a thickness of 40 um [66]. SLMs can be integrated with a number
of different control interfaces including finger-tip control |67, a force feedback

joystick [68] and as mentioned previously, an Apple iPad very recently [28].

The choice of alogorithm for hologram generation depends on the degree of
computational power available; such as using the computers graphics card where
it’s possible to create on the order of 100 traps at 100’s of Hz [69] or dividing
the SLM into regions allowing traps to be controlled without recalculation of
the entire hologram. FEach alogrithm has limitations including significant trap

strength variations requiring further hologram iterations [63, 70].

For further information on SLMs in optical microscopy and lab on chip devices,

see references [46, 63].
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1.5 Applications

Firstly, since comparison is often made between laser tweezers and a range of other
micromanipulation techniques, including magnetic tweezers |71] and atomic force
microscopy (AFM) [72, 73|, Table 1.1 compares the important parameters for
these three main micromanipulation techniques, listing their typical applications

and some of their features.

Laser tweezers are attractive to a wide range of research areas and established
techniques due to their applicability and ease of integration. With the continued
research investment into the field of optical trapping and the development of laser
tweezing techniques and tools, the list of applications continues to grow. This
section will detail four applications of interest; optical spanners, microfluidics,

biological and medical applications, and liquid crystals.

1.5.1 Optical spanners

Since light can possess angular momentum in addition to linear momentum, laser
tweezers are also used to rotate trapped particles; a technique often referred to
as ‘optical spanners’ or an optical wrench. Optical spanners have been developed
and used for a range of applications including microfluidic pumps [74], micro-
machines |[75] and a microviscometer [76, 77]. Both spin and orbital angular
momentum can be transferred to a trapped particle to produce different effects.
The transfer of spin angular momentum results in the particle spinning about
its own axis, whilst a transfer of orbital angular momentum causes the particle
to orbit around the beam’s axis due to helical wavefronts [78]. Daria, Go and
Bachor [78] illustrated this effect by transferring both linear and orbital angu-
lar momentum to hollow glass spheres using a dynamic array of optical vortices,

inducing circular orbital motion of the particle around the vortex.

Particle rotation can also be generated by trapping birefringent particles with
linearly polarised light as reported now more than a decade ago by Higurashi,
Dawadi and Ito [79] using a linearly polarised TEMg, beam to rotate fluorinated
polyimide (PMDA /TFDB). Several publications employing birefringent particles
have followed. Examples include controlling the polarisation of the optical trap-

ping beam with an SLM to transfer spin angular momentum to rotate and align an

Jennifer Louise Sanders 47



CHAPTER 1: INTRODUCTION

oqoxd
ssoup1)s-y3y o8Ie T <
90I0] [eWITUTW 93Ie]
oyeds-uoN <

A

Suidewt
UuomNoseI-y3SIfg <

sAesse UOIORIIUL
pue Surnd 9010J-ySIg <

uorje[ndiuew oN <

suoroerul oIadg
UoI13BI0I pPrg
duwre[o 9010
A3orodoy ¥NQ

A A A A

Kesse paIo)o], <

ogadsuoN
guryeay ojdureg
a8ewrepojoyJ <

A A

A119w0093 QNP
1JLIP-MO] ‘9STOU-MOT <
Aesse uorORINIUL
Arsse paloy1], <

A

uorjendruewr (g <

suoI)e)IUI

S9.dmnjesq

suorjesijdde 1eotdA T,

48

09¢ — 00T ¢-g0 0T — €20 (um) azr1s aqoag
0T — S0 0T — ¢ 01— 10 (wu) a8uer jyuswade[dsiq
+0T — 0T z—0T — ¢—01 00T - T0 (Nd) a3uea ad10g
0T — 0T 9-0T — ¢-0T T - 6000 (wu/Nd) ssougng
g—0T ¢—0T = 0T y—01 (s) worynjosau reroduray,
T-60 0T — ¢ 2-T10 (uru) uorynjosaa Teryedg
NIV SUHHZHIMIL DILANDVIA SUHHZHIML HHSV]

‘[e2 ‘L] (INAV) Adoosororur 8010] dIWOYe pUE SIazaom) JI19USRI ‘SIeZedm) Iose] ‘senbruyos) uorjendiueurororu
UTRUI 9T} JO 921} 10] sIojowrered quejrodurl oy seredurod o[qe) SIyJ, -senbruyos) uonendiueuwolomur jo uosiredwo) 11 9[qeL

Jennifer Louise Sanders



CHAPTER 1: INTRODUCTION

array of birefringement calcite fragments [80] and applying circularly polarised
light to vaterite particles |76, 81| or elliptically polarised light to calcite parti-
cles [82].

The development of optically driven pumps (ODPs) has been reported for
efficient fluid transport [83]. OPDs are produced when a dielectric particle is
trapped and spin angular momentum, in addition to orbital angular momentum,
is transferred to the particle. The net result is particle rotation with frequencies
ranging from around 4Hz [84] to a few hundred Hz, where rotation frequency
is proportional to the power of the trapping laser [85]. However, this relation-
ship is not altogether linear which suggests an additional variable parameter [77].
Leach et al. [74] reported the creation of one such ODP. A circularly polarised
beam was used to transfer spin angular momentum to trapped birefringent parti-
cles of vaterite to induce counter-propagating rotation and subsequent fluid flow
within the surrounding fluid of the microfluidic channel. Successful rotation of
vaterite particles with a diameter of 5-7 um was observed generating increased
fluid flow in close proximity to the rotating particles. A 1um diameter ‘pump
bead’ was observed to travel between the two rotating vaterite particles with a

maximum rate of 8.3 um/s in the microfluidic channel.

Micron-sized droplets of liquid crystal, naturally birefringent materials, have
also been rotated using linearly polarised light, as shall be discussed in further
detail in Section 1.5.5.

A range of different particle shapes have been fabricated and employed to
create optical spanners, a selection of which are shown in Fig. 1.3. In addition
to the rotation of spherical beads described above (Fig. 1.3(a)), laser tweezers
have been used to trap and rotate nanorods and nanotube materials like those
shown in Fig. 1.3(b), such as CuO nanorods [86], nanotube bundles [87, 88] and
palladium-decorated carbon nanotubes [89]. Two varieties of nanotube exist; sin-
gle walled and multi-walled nanotubes, SWNTs and MWNTSs, respectively [90, 91]
and both have been observed to spin using circularly polarised infrared light via
transfer of angular momentum when placed in a dual-beam optical trap [92]. If a
cylindrical object is placed at the centre of the optical trap, it orientates itself to
a position of lowest energy; that is, lying along the laser beam axis or ‘end on’ in
the trap i.e. perpendicular to the sample plane. Cylindrical rods outside the op-

tical trap’s centre, but still trapped, do the opposite and are perpendicular to the
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laser beam axis i.e. parallel to the sample plane. This means assymetric nanorods
can be rotated regardless of the polarisation of the trapping beam making laser
tweezers a particularly attractive technique, holding promise for optically driven
nanorotor technology |93]. If an ensemble of two cylindrical objects is simulta-
neously trapped, one will rotate in this ‘end on’ orientation whilst the other will
rotate perpendicular to it [94]. Horizontal trapping of dielectric microrods using
multiple HOTs has recently been reported by Carberry et al. |95] as a tool for
force microscopy, and very recently by Phillips et al. [96] to perform high-speed

tracking of their rotational and translational motion.

- u O
(a) Bead (b) Nanorod and (c) Microcog
diameter: 0.5-10 um Carbon nanotube diameter: 10 um
diameter: 20-100 nm, length: 0.5 pm

length: 300 nm—20 um

5 &

(d) Micromotor (e) Microgear (f) Microstructure
diameter: 10 pm Unspecified size length: 8 um
length: 2 um

Figure 1.3: Different particle shapes developed and employed for optical spanners:
(a) bead, (b) nanorod (left) and carbon nanotube (right), (¢) microcog, (d) micro-
motor, (e) microgear and (f) microstructure. See the text for details.

In an experiment by Friese et al. [97], birefringent fragments of calcite were
rotated in circularly polarised light to induce rotation of a microfabricated element
or ‘microcog’ (Fig. 1.3(c)). Optical torque is transferred to the microcog due to

the surrounding fluid motion and, with the calcite fragment rotating clockwise,
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the microcog rotates anti-clockwise. This demonstrated significant potential for

producing rotorary components of optically-driven micromachines.

Following this, a fiber-optically delivered light beam was used to rotate a
micromotor (Fig. 1.3(d)) [98], and beams with linearly and circularly polarised
light have both been employed to rotate microgears (Fig. 1.3(e)). The microgears
were fabricated using ‘form birefringence’ — a difference in refractive index due to
the internal shape of the fabricated structure — amd one microgear was observed
to induce the rotation of a second optically trapped microgear in close proximity.

These would provide an extremely useful mechanism in a micromachine [99].

Finally, Rubinsztein-Dunlop and colleagues provided a significant contribution
in the development of optical spanners [75-77, 81, 85, 97, 100-104], culminating
in the use of shape birefringence for rotation in laser tweezers. Asavei et al.
[102| designed, fabricated and rotated microstructures using an LG beam. The
initial design for the microstructure was an off-set cross and stalk with four-fold
rotational symmetry as shown in Fig. 1.3(f) [103], which was modified slightly
in a subsequent and recent conference proceeding paper alongside other shape
alternatives [104].

1.5.2 Microfluidics

Microfluidics is the study of fluids on the micron scale in so-called microfluidic
devices, whose channel dimensions range from 10-100 um [105|. It forms the ba-
sis of a whole range of research and technology, including ‘lab-on-chip’ (LOC)
technologies, cell sorting and micromachines [74]. Applications began with mi-
croanalytical methods and devices which offered low cost, small volumes of both
reagent and sample, and reduced footprint. Microfluidic research in the 1990’s
was also motivated by the aim of developing portable devices and systems for use
in warfare to detect threats posed by biological and chemical weapons [105]. A
wide range of microfluidic systems are functional as laboratory demonstrations
but there are however, some which are commercially available technologies, such

as screening for protein crystallisation [106-108].

Whilst microfluidics, the science, is well established, whether microfluidics,
the technology, shall realise its full potential and have widespread use depends

on successful methods for integration with a selection of other technologies. Mi-
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crofluidic systems for chemical synthesis, for instance, has proved incompatible
as the popular choice of polymer for microfluidic systems, PDMS [109], is eas-
ily dissolved or degraded by many organic solvents. Microfluidic research offers
commercial opportunities for a range of industries; pharmaceutical, agricultural,
security and food safety, if the desire for devices to be reproducible and easy to
use is satisfied [105].

Major research is being undertaken to generate LOC technologies and devices
which allow laboratory or ‘factory’ operations to be performed on a small scale,
dealing with volumes as small as picolitres of analyte, for biological and chemical
applications [77, 105]. These technologies and devices are also referred to as
uTAS; micro total analytical systems, the goal of which is manipulation and
characterisation of small sample volumes of biological liquids, such as human
tears, on a device the size of a chip [77, 83|. At the mesoscopic scale; a scale at
which discussions of atomic behaviour can be neglected, the macroscopic theory of
fluid flow is inapplicable. Dealing with these small liquid volumes places us in the
low Reynold’s number (Re) regime, where viscosity characteristics and diffusion
effects dominate under laminar flow conditions in the absence of turbulence |36,
105]. Further understanding of the effects at the micron-scale offers insight into

nanofluidics.

Aspirations for microfluidic technology include further development of mi-
crofluidic diagnostic technology (MDT) for medical devices. These include portable
point-of-care (POC) medical devices used for rapid medical diagnosis in devel-
oping, and developed, parts of the globe [110] such as optically driven microma-
chines [111] and microrotors which allow transport through microfluidic channels

via laser tweezers [94].

For biomedical analysis, it is often necessary to isolate single (or clusters of)
cells from a large mixture, therefore fundamental microfluidic devices are designed
to perform recognition, sorting and counting of particles or cells [112]. Such
processes can be achieved using a variety of techniques, often in unison, including
integrated optical waveguiding [111] or optical fibres, parallel processing using
multiple independent laser tweezers [109], and laser induced fluorescence and
digital imaging processing [112]. However, overall success is often a compromise
between achieving simple and low-cost fabrication techniques, and high accuracy

and increased yield [112].
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1.5.3 Biological and medical applications

Laser tweezers are of particular interest to the biological sciences as, up until the
birth of optical trapping, biological research relied upon results for bulk biological
samples [36]. This section will briefly discuss how laser tweezers have been applied
in a biological and medical arena but several review articles [53, 72, 73, 110, 113

117] and book sections [10, 118] are available for a more detailed description.

Laser tweezing studies involving biological systems have ranged from manip-
ulation of goldfish photoreceptor cells to examine their sensitivity to polarised
light [119] to obtaining surface-enhanced Raman scattering (SERS) spectra of
optically trapped bacterial spores [120]. However, it is single-molecule manipula-
tion which has been transformed by laser tweezers as, in exchange for insight into
the molecule under investigation, it is straightforward to image a trapped bead
and calibrate the laser tweezing system [36, 118|. As mentioned in Section 1.1,
laser tweezers have been used to manipulate bacteria and viruses [19] as well as
single cells [20]. Based on this early research, it is now standard practice to em-
ploy infrared trapping beams to avoid causing optical cell damage, since these

wavelengths experience low absorption in biological tissue [20].

More than 15 years ago, Svoboda et al. [121]| used laser tweezers to directly
observe stepping of the motor protein kinesin, which moves along microtubule
filaments, discovering it moved in 8 nm steps. In comparison, Allersma et al. [122]
used interferometric optical tweezers to measure the displacement and average
axial velocity of beads coated in ncd motor protein — a kinesin-related motor

protein — to study its motility [122].

Biological molecules, such as DNA and proteins, are often too small to be
directly trapped. In such a case, trapped beads — such as polystyrene or latex
microspheres, for example — can be attached to molecules of interest [4] where
the microsphere is coated with antibodies [10]. In this arrangement, the trapped
bead is referred to as an ‘anchor’ or ‘handle’ as shown in Fig. 1.4 which depicts
three of the several different arrangements for single molecule manipulation. Each
of the arrangements pictured measures the displacement of the handle — the bead
held in the laser tweezers — allowing the motion, properties and processes of the
molecule to be studied in detail. They are implemented with a DNA molecule,

for example, as follows;
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> Surface-tethered assay: one end of the DNA molecule is attached to the
handle in the laser tweezers whilst the other end is tethered to the coverslip

surface.

> Dual-trap dumbbell assay: both ends of the DNA molecule are attached
to the surface of optically trapped beads. Force is applied to the DNA
molecule through the controlled lateral motion of the optical trap, and

therefore one bead, whilst the other optical trap is held stationary [59].

> Micropipette-tethered dumbbell assay: both ends of the DNA molecule
are attached to the surface of beads; one held by a micropipette and the
other optically trapped. Force is applied to the DNA molecule through the
controlled lateral motion of the micropipette, and therefore one bead, whilst

the other optical trap remains stationary.

‘handle’ ‘handle’

DNA —S}\
(fy':fj

surface

(a) Surface-tethered assay (b) Dual-trap dumbbell assay

mlcroplpette
‘handle’

Ow Cf

(¢) Micropipette-tethered assay

Figure 1.4: Optical tweezers and single-molecule studies in three different ar-
rangements: (a) surface-tethered assay, (b) dual-trap dumbbell assay and (c)
micropipette-tethered assay. Adapted from |72, 118].

In work by Abbondanzieri et al. [123|, single molecules of E. coli were optically
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trapped to observe base pair stepping of RNA polymerase* along DNA, achieving
angstrom-level resolution. The research was developed further by using a force-
clamping technique to track transcription, also with angstrém-level resolution,
i.e. single-base pair resolution, of RNA polymerase using single molecules of E.
coli RNA polymerase, where both ends of a DNA molecule are held in a dual-trap
dumbbell assay arrangement [59, 125].

More recently, laser tweezers have been combined firstly with scanning probe
microscopy to study DNA-protein interactions with nm-resolution; in an arrange-
ment based on the pipette-tethered assay arrangement, where the tension within
the DNA molecule is probed and the individual proteins located [126]. Sec-
ondly, incorporation of laser tweezers with confocal fluorescence and Raman
spectroscopy has provided physical and chemical information about individual
trapped protein aggregates, such as their transition temperature [127]. Re-
searchers who demonstrated axial stretching of a DNA molecule under constant
mechanical force and measuring its force-extension relationship believe their work

makes molecular length scales more accessible [128].

Notable research has been conducted which incorporates laser tweezers in
order to study erythrocytes or red blood cells (RBCs) including early research
(mentioned previously in Section 1.3) where RBCs were optically trapped and ro-
tated using a high-order HG beam. A dual optical tweezer arrangement has very
recently been employed to manipulate RBCs, measure their membrane viscosity
and gain information about their protein interaction. This therefore facilitated
insight into cell agglutination, or ‘clumping’ [129], and their elasticity and adhe-
sion [130].

Ghosh et al. [131] used an optically driven micromotor to optically trap in-
dividual RBCs whose normal biconcave disc shape was observed to fold into a
rod-like shape and rotate in a circularly polarised trapping beam. They demon-
strated folding and rotation occurs at a critical trapping power, thus applying a
proportional torque, with the RBC displaying birefringent properties in its folded
state. The Brownian motion and associated power spectra of optically trapped
normal RBCs and those infected with malaria has also been studied. The differ-

ence in power spectra between healthy and infected cells appeared independent

* RNA polymerase (RNAP) is the enzyme responsible for producing RNA by copying
information from DNA [124].
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of the stage and duration of the infection [132]. The development and advance of

the research holds significant promise for efficient disease detection.

Whilst laser tweezers are conventionally applied through glass substrates, as
they are transparent to visible light, researchers at the Massachusetts Institute of
Technology (MIT) were the first to successfully trap and manipulate individual
cells on the surface of a microchip [133]. Several E. coli cells were trapped and
arranged on the surface of a silicon chip, as silicon is transparent to infrared light,
to form the letters ‘MIT’ and plastic beads were arranged in hexagonal shapes
near the silicon surface. Conversely, researchers at Berkeley demonstrated the
use of optoelectronic tweezers which use electric forces for trapping as opposed to
optical forces. As many as 15,000 independently addressable traps, created using

spatial light modulation, were used to manipulate nm-scale particles, including
E. coli [134].

Similarly, laser tweezers appeal to the medical sciences due to their minimally
invasive nature. They have been employed for a variety of medical research stud-
ies including investigation of the interaction and attachment forces that occur
between medical implant surfaces and bone forming cells at the implant site.
This offers further understanding of the healing process after implant surgery
and should be indicative of the future success of medical implants [135]. Wang et
al. [136] performed cellular analysis on cancer cells using optical tweezers. Parti-
cle motion, induced due to scanning across the sample with the optical trapping
beam, was observed without requiring biological markers which are often neces-

sary for analytical experiments and techniques such as fluorescence spectroscopy.

In a 2001 paper, Guck et al. [137] reported the development of a method
of stretching optically trapped particles using two opposed, non-focussed beams;
termed the ‘optical stretcher’. The device allowed viscoelastic properties of dielec-
tric materials to be measured and successfully deformed human RBCs and mouse
fibroblasts, the most common cells in connective tissue which play an important
role in wound healing. Tt was possible to stretch an RBC beyond the linear regime
from a radius of 3.36 um to 6.13 wum; an increase of ~80 %, which returned to
its original shape with a reduction in laser power. In later research by Guck and
colleagues [138], the optical stretcher, in combination with non-contact microflu-
idic delivery, was successfully employed to investigate the elasticity and optical

deformability of mouse fibroblasts and human breast epithelial cells during their
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progression from a normal to cancerous state.

Most biological applications involve incorporation of laser tweezers with other
scientific techniques. The combination of two techniques can offer increased pre-
cision, applicability to a wide range of biological molecules and the ability to
perform in-depth studies of individual particles resulting in many promising de-
velopments. An example includes the union of laser tweezers with the fluorescence
detection technique, FIONA — fluorescence imaging with one nanometer accu-
racy [139] — Raman spectroscopy for studying a range of particles, some of which

include metal particles, paints, gas bubbles and living cells [140, 141].

Heng et al. [142] employed an optofluidic microscope (OFM), used for trans-
porting liquids within microfluidic channels, to improve upon the resolution of-
fered by a near-field scanning optical microscope (NSOM). The OFM employs a
nanoaperture grid — 100 nm sized apertures spaced by 25 um — combined with
laser tweezers to offer sub-wavelength resolution (~110 nm) microscopy at smaller
scales. Micron-sized pollen spores and polystyrene beads were trapped and the
light, travelling first through the nanoaperture grid and then through the sample,
were imaged. Here, the laser tweezers allow precise particle translation across the
two dimensional nanoaperture grid as opposed to a traditional translation stage.
However, the microfluidic channel still experiences vibration resulting in reduced
image resolution, and the OFM would benefit from an increased frame rate and

reduced footprint.

1.5.4 Micromanipulation with surface plasmons

Research continues in earnest to extend optical trapping down to the nanometre
scale where success would allow the ultra-accurate positioning of single nano-
objects, offering potential application in many fields of science. One possible
strategy is using metallic nanostructures to control light at the sub-wavelength

scale to create nano-optical traps [143].

Conventional optical tweezers are formed at the diffraction-limited focus of a
laser beam. Reducing the size of the trapped particle, such that one is operating
in the Rayleigh regime (d < A), hinders stable optical confinement, where there
is a decrease in (i) the magnitude of the restoring force, resulting in a shallower

trapping potential well and (ii) the damping force due to a reduction in viscous
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drag. This ultimately allows the particle to more easily escape from the opti-
cal trap [143]. Diffraction prevents confinement of propagating light beyond a
fraction of its wavelength. However, recent advances in nano-optics have circum-
vented this limitation, where evanescent fields can be concentrated well beyond

the diffraction limit.

Surface plasmon (SP) traps are advantageous over conventional 3D optical
traps as they allow the same trapping efficiency to be achieved using much less
laser power and is thus, promising for fragile objects without destroying or damag-
ing them e.g. biological specimen [144]. In addition, they do not require any bulk
optics, operate with substantially reduce laser intensities, and allow controllable
selectivity for specimen size [145]. SP tweezers were first implemented experimen-
tally using a glass surface decorated by micrometre-sized gold disks [146, 147].
The patterned surface was illuminated by an unfocussed infrared laser beam. The
incident evanescent field pushed polystyrene beads at the glass-water interface,
guiding them towards the trapping region of the surface. Grigorenko et al. [148]
were able to create nanometric optical tweezers using a pair of gold nanopillars
(d ~100-400nm) fabricated on a glass substrate to create well-defined, 3D plas-
monic traps. The gap between each pair (140 nm) essentially determines the trap
size and the maximum impulse that can be imparted to the trapped object. It
can be reduced down to as little as 10 nm using nanolithography. They were able

to trap 200 nm polystyrene beads immersed in glycerol [144].

For more detail, the reader is directed to comprehensive review articles on
plasmon tweezers by Juan, Righini and Quidant [143] and Righini, Girard and
Quidant [145].

1.5.5 Laser tweezers and liquid crystals

A liquid crystal (L.C) is a thermodynamic phase of condensed matter, often re-
ferred to as mesophase [149], with some degree of order as given by the director n.
They create impressive and often colourful microscopy images like those shown

in Fig. 1.5 due to their birefringent and anisotropic properties.

There are several different phases of liquid crystal, defined by the degree of
orientational order present which exists in at least one direction, and with at least

one degree of anisotropy present. The research in this thesis focuses on nematic
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Figure 1.5: Polarisation microscopy images of a thin (1-2 um thickness) film of
liquid crystal spread across the isotropic fluid glycerine and open to air. The dark
bands are areas of director distortion, caused by the two different interfaces, where
the director is parallel to either the polariser or analyser [150].

liquid crystals (NLCs), those with long range orientational order in one direction.
A more detailed description of the theory governing LCs and their properties will

be provided in Chapter 3.

Liquid crystals were first discovered by Austrian botanist, Freidrich Reinitzer
in 1888 following the observation of two melting points of cholesteryl benzoate,
between which he observed irridescent colors. Two years later in 1890, Physicist
Otto Lehmann constructed a polarising microscope with a temperature-controlled
(hot) stage; now a standard piece of equipment in liquid crystal research. Fabri-
cation of the first liquid crystal structure, the twisted-nematic on which today’s
liquid crystal display (LCD) technology is based, occurred in 1911 by Charles
Mauguin in France. Liquid crystal research continued in earnest and the advent
of LCDs, including wristwatches and pocket calculators, catapulted LCs into an
arena of technological development beyond research simply for the benefit of un-
derstanding. A detailed description of the discovery of L.Cs and the subsequent
development of LCD technology can be found in reference [151].

It is possible to optically trap colloids dispersed in liquid crystal, micron-sized
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liquid crystals droplets, and LC topological defects or ‘disclinations’ [152—-154];
a region where the molecular alignment is altered by external forces e.g. electric
or magnetic fields, and the walls of the container in which the LC sits. Hence,
improvements in laser tweezing techniques have an influence on the progress of
condensed matter research, specifically colloidal and liquid crystal science [155].
Conversely, liquid crystal research can also compliment and benefit biological
research; many biological molecules also form anisotropic phases, such as DNA,
cellulose, cell membranes and lipids, amongst others [156]. LCs have themselves
been used for optical trapping in the form of a LC lens [157] and LC adaptive
optical elements [158, 159], not to mention they form the basis of a SLM.

Liquid crystal droplets

Advances and understanding of LC emulsions (LCEs) — micro-droplets of LC,
coated with a surfactant, dispersed in an isotropic liquid [160] — through optical
manipulation establishes the potential of liquid crystals for optically driven mi-
cromachines. In a 1996 paper, Tamai, Ito and Masuhara [161]| reported second-
and third-harmonic generation from optically trapped micron-sized nematic and
ferroelectric liquid crystal droplets dispersed in water. This was closely followed
in 1999 with Juodkazis et al. [162] reporting the rotation of optically trapped ne-
matic liquid crystal droplets with circularly polarised light. Further work by the
same group detailed the dependence of rotation frequency on droplet size [163]

and the efficiency of optical torque transfer to droplets [164].

There have been several further reports demonstrating optical trapping and
rotation of LC droplets in suspension including nematic droplets with circu-
larly polarised light [165-167|, chiral nematic droplets with linearly polarised
light [167-169], dye-doped nematic droplets using circularly and elliptically po-
larised light [84] and smectic! liquid crystal droplets in circularly polarised light [170).
Interestingly, liquid crystal droplets have recently been used to fabricate micron-
sized liquid crystal cylinders which were rotated in circularly polarised laser tweez-

ers to measure the viscosity of the composite LC [171].

Spinning LC droplets have also been employed to measure the viscosity of

t For a liquid crystal in the smectic phase, the molecules exhibit orientational order, as seen
in the nematic phase, but also translational order where they tend to arrange themselves in
relatively defined layers.
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the host medium, such as heavy water D,O [172, 173]. More recently, an optical
fibre laser tweezers arrangement, which more strongly focuses the light within
high-index colloids compared with silica for example, was employed to trap, ro-
tate and monitor the rotation of NLC droplets [174]. The trapping laser beam
transfers optical torque to the LC droplet and its electric field induces molecular
reorganisation within the LC droplet [175]. Gleeson, Wood and Dickinson [167]
dismissed wave-plate behaviour as the mechanism solely responsible for observing
LC droplet rotation but cited other possible mechanisms for the optical angular
momentum transfer, including anisotropic scattering, absorption and the opti-
cal Fréedericksz transition. The reasons for the underlying physical processes

continue to remain elusive and of interest.

Colloids in liquid crystalline media

Unusual behaviour exhibited by colloids and colloidal dispersions, of which paints,
milk and fogs are examples, introduces the prospect of self-assembled photonic
devices [176]. The introduction of colloids into a LC produces novel anisotropic
structures, as discussed by Poulin et al. [177, 178 with Meeker et al. [179] showing
it is possible to create colloid-liquid crystal composites at volume fractions greater

than 2 % with potential for switchable display technologies.

Iwashita and Tanaka [180] were the first to report optical trapping of colloids
dispersed in LC media in 2003 with silica beads in a lyotropic LC, followed in
2004 by optical trapping of colloids in a thermotropic LC by Yada, Yamamoto and
Yokoyama [181]. As shall be seen in Chapter 2, for successful optical trapping it is
necessary for the refractive index of the particle to exceed that of the host medium
i.e. n, > n,,. However, when optically trapping colloids within a LC, the trap-
ping laser introduces long range deformations of the LC director n, causing it to
reorientate itself. This alters the refractive index difference between the trapped
particle and the host LC medium. Collaborating researchers from Slovenia and
Ukraine [176, 182, 183] illustrated this effect with successful optical trapping of
silica particles whose refractive indices were lower than both refractive indices of
the NLC host medium, with an index contrast of at least n, — n,c = 0.09 and
as much as n, — n.c = 0.37. This ‘forbidden’ trapping can be attributed to (i) a
distortion of the NLC director around the surface of the colloid, creating a high-

index ‘cloud’ or ‘corona’ which can be trapped, or (ii) laser-induced local melting
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of the NLC, creating a ‘ghost’ colloid located at the centre of the optical trap with
which the real colloid interacts. Potential applications of this technique include

optically-tunable photonic crystals and optically-driven micropumps [184].

Temperature effects are of significant im-
portance in LC research since they can change 7%/4 4_1_,
the refractive indices and therefore, birefrin-

gence [186]. These effects are particularly im-

Newton
. . colours
portant when performing laser tweezing ex-
periments since the popular choice of an in- it
. . . ‘bubble’
frared trapping source can induce heating, and 10 pm

therefore melting, of the LC. Tatarkova et al.
Figure 1.6: White light im-

. . age, viewed between crossed po-
of nematic LC 5CB, whose phase transition |, ..t 5B with the optical

[185] demonstrated the laser-induced heating

occurs at a temperature ~36°C. The laser trap located at the centre show-
ing laser-heating induced isotropic

created regions in which the LC was in the
‘bubble’ [185).

isotropic phase. Figure 1.6 shows a white light

image (viewed between crossed polarisers) of

5CB with the optical trap located at the centre. The surrounding dark green
region corresponds to the overheated isotropic ‘bubble’. The boundary seperating
the isotropic bubble and the regularly orientated nematic (light green, approxi-
mately at room temperature) is well defined, where the observed Newton colours
illustrate the change in local birefringence. Presence of an isotropic bubble also

appeared to affect the motion of any surrounding colloids.

Viscosity in liquid crystals

Defining LC characteristics play a particularly significant role in improving LCD
technologies [187]. For example, determining a twisted nematic LC’s rotational
viscosity coefficient or describing fluid flow, or ‘back-flow’, effects [188] are criti-
cal for improving LCD efficiency since they influence the device’s response times.
Computer models for predicting back-flow effects often require several anisotropic
viscosity coefficients, termed ‘back-flow coefficients’, which can be determined via
their relation to shear viscosity coefficients measurable in classical flow experi-
ments [188, 189]. The effect of back-flow has itself been employed to optically
trap colloids [190], illustrating that progress in understanding both LC back-flow
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and optical trapping in LCs can be mutually beneficial. Temperature effects on
back-flow in vertically aligned LCDs has been investigated [191], which should be

taken into account in order to improve the performance of these devices.

In the past, viscosity coeffcients have been determined by studying LC flow
through a capillary via the application of a magnetic field and observing pressure
differences [192, 193|. Pasechnik et al. [189] employed a decay flow method;
inducing shear flow with optically controlled pressure differences, to determine
back-flow viscosities for the LC mixture MLC-6609. For the majority of new
LCs generated for LCD technology, research often focuses upon determining L.C
refractive indices whilst other quantities, including viscosity coefficients, remain
unknown. Ignoring such back-flow effects in LCDs allows poor prediction of their

functionality and limits progress.

As in isotropic fluids, viscosity in LCs can be determined by observing the vis-
cous, or Stokes’, drag experienced by a particle moving through a fluid [166-169].
The Stokes’ drag is highly non-linear for particles in a nematic solvent; the colloid
(acting as a quadrupole) finds it easier to diffuse parallel to nn than perpendicular
to it [194, 195|. Further research by Verhoeff et al. [196] quantised this direction-
dependent Stokes’ drag. They demonstrated that for a colloid moving through
a NLC, the viscous drag parallel to n was larger than the drag perpendicular to
n by a factor of two. Gleeson et al. [167] employed the viscous drag technique
with laser tweezers to measure the effective viscosities of LC mixture MLC-6648
for motion parallel and perpendicular to n. The values allowed inference of the
anchoring strength of colloidal particles within the LC mixture which was in good
agreement with prediction. The research was the first to obtain viscosity measure-
ments for this LC mixture therefore offering an opportunity for comparison and
further understanding, leading to a recent proceedings publication by Sanders,
Dickinson and Gleeson [197].

Colloids dispersed in a LC undergo a range of interesting interactions where
laser tweezers have been employed to investigate them [198] alongside detailed
theoretical treatments [199]. Due to elastic distortions of the director around
the particle, they can experience a mutual attraction or repulsion [200]. In close
promiximity e.g. at interparticle seperations of three particle diameters, the inter-
action overcomes Brownian motion producing an attraction or repulsion depend-

ing on their seperation relative to the director. These experiments conducted in
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nematic bulk, observed colloidal aggregation such as chain-formation and complex
structures. Recent research has gone on to investigate the effect of temperature

and cell thickness on the interparticle forces between two colloids in a NLC [201].

Magneto-optic tweezers, a technique directly comparable with laser tweezers
as discussed previously, have also been employed to study these colloid-liquid
crystal interactions [202|. Attractive and repulsive forces between two spheres
immersed in a NLC were observed depending on sample thickness. Due to the
quadrupolar interaction between the two colloids, they would be repelled in sam-
ples whose thickness was comparable to the bead size but attracted in thicker
samples to form clusters, relating also to the change in director orientation around
the colloid. Development of this technique offers a viable technique for determi-

nation of a LC’s viscosity.

Dierking, Biddulph and Matthews [203] reported the translation of micro-
spheres dispersed in NLC along n upon application of an electric field. They
were able to demonstrate the velocity of this ‘electromigration’ was directly pro-
portional to electric field amplitude presumably owing to the adsorption of surface
charges by the colloid. These results are complimented by similar observations
in a thin planar nematic cell, but with particle velocity inversely proportional
to the frequency of the AC field, to produce close-packed crystalline colloidal
structures [204]. Conversely, Dierking et al. [205] later showed electromigration
of colloids dispersed in ferroelectric smectic LCs occurs along the plane of the
smectic layer, almost perpendicular to n. Their velocities were observed to be
independent of electric field amplitude but directly proportional to increasing
temperature i.e. an associated decrease in the LC’s viscosity. These results indi-

cate the promise of yet another technique for measuring LC viscosity.

1.6 Research context

Established techniques of liquid crystal research conduct macroscopic investiga-
tions since they examine the bulk liquid crystal. Therefore, there is a strong call
for microscopic, local investigations. Research involving LC-colloidal dispersions
expands the knowledge and understanding of L.Cs and their anisotropic nature.
Whilst there has been experimentation into LC viscosity with laser tweezers using

the viscous drag force method, passive observation of anisotropic Brownian mo-

Jennifer Louise Sanders 64



CHAPTER 1: INTRODUCTION

tion of colloids in liquid crystalline media by analysing associated power spectra

in the frequency domain remains to be presented.

Observation of an optically trapped particle’s Brownian motion in a viscoelas-
tic media with unknown frictional behaviour, such as a LC, is not suitable for
calibrating optical tweezers. This is reserved for well understood viscous media,
such as water, to employ a purely passive calibration method [206]. However,
this warrants exploration into the idea that passive methods could be employed
to understand and characterise the behaviour of viscoelastic media, including
LCs. This is the motivation for the research conducted and reported in this

thesis.

1.7 Thesis outline

The research detailed within this report uses laser tweezers to study microflu-
idics of isotropic and anisotropic nano-particulate suspensions including colloids
dispersed in liquid crystals. This research has potential relevance and benefit
to current technology and research, such as soft-condensed matter, biological or
medical research concerned with liquid systems, cell-sorting and lab-on-chip de-

vices, optical micromachines and molecular motors.

This thesis is comprised of three parts, the first describes the theory behind
optical tweezers and the analytical methods employed, along with the theory and
practicalities of liquid crystals, found in Chapters 2 and 3, respectively. The sec-
ond part describes the arrangement and characterisation of the optical tweezing
system, and the materials used in Chapter 4. The final part presents and discusses
the results of laser tweezers employed in isotropic and simple systems, water—
glycerol mixtures and liquid crystals, followed by a summary of the conclusions

that can be drawn and suggested future work in Chapters 5 to 8, respectively.

Introduced in Chapter 2 is the theory governing optical trapping in the ray
optics regime followed by a description of the statistical methods employed both

for calibration and analysis of experimental data.

Chapter 3 details the theory, key definitions and practicalities of liquid crys-
tals, specifically nematic liquid crystals, relevant to laser tweezers and the work

undertaken. This chapter also provides the specifications for the liquid crystals
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and colloids used, reasons for choosing them and outlines the sample preparation

process.

The design and optical arrangement of the laser tweezing system is described
in Chapter 4 where the important components are discussed in detail. Particular
attention is paid to the technique employed for particle tracking; high-speed video

microscopy.

Chapter 5 contains the results of laser tweezing in isotropic systems, more
specifically optically manipulating polystyrene beads in water to calibrate the
laser tweezing system. Three methods are employed for trap stiffness calibration;
one active and two passive techniques. An attempt is made to quantify effects
due to the proximity of a surface to an optically trapped particle and spherical
aberration of the optical trap. The effect of particle size and refractive index are
also investigated. The results provide characterisation of the laser tweezers prior

to performing experiments in anisotropic media.

Chapter 6 presents the results of laser tweezing experiments performed in
water—glycerol mixtures with varying glycerol concentration. These results pro-
vide a measure of the suitability of the laser tweezing system for microviscometry,

where water—glycerol mixtures are well characterised.

The results of laser tweezing in liquid crystals are contained in Chapter 7 with
optical manipulation of polystyrene and silica beads in two different liquid crystals
with both homoetropic and planar alignment. This chapter shows results and
comparison of passive and active microviscometry. Values of effective viscosity
coefficients of the two liquid crystals are given. A discussion is provided on
factors affecting laser tweezing experiments in liquid crystals, including director

distortion, surface anchoring and accurate particle tracking.

Finally, Chapter 8 summaries the important results and conclusions drawn of
the conducted research followed by suggestions for future experimental work to
be carried out. Details of the alignment procedure for this laser tweezing system
are given in Appendix A. Presented in Appendix B is a proof of the Royal Society
Discussion Meeting paper: ‘Pushing, pulling and twisting liquid crystal systems;

exploring new directions with laser manipulation’.

Jennifer Louise Sanders 66



Chapter 2

Laser Tweezers and Statistical
Methods

This chapter details the theoretical basis for optical confinement, including trap-
ping efficiency and Faxén’s correction for an object close to an interface. The
statistical methods chosen for analysis of the data presented in this thesis are

outlined, with special attention being paid to power spectral density analysis.

2.1 Optical theory

Laser tweezers exploit the nature of photons which carry a momentum p,

E h
= — = — 2.1
b B ( )

where E = hf is the energy of a photon with frequency f and wavelength A\, and h
is Planck’s constant. The resultant momentum imparted to microscopic particles
in an optical trap is referred to as radiation pressure. The radiation pressure
P..q due to an electromagnetic wave incident on a surface is equal to the wave’s

energy;

1 B2
Pog = - | eoE* + — 2.2
¢ 2 (EO * Mo) ( )

where E and B are the amplitude of the electric and magnetic field vectors,

E and B, respectively, g is the permittivity of free space and p is the perme-
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ability of free space. This can also be expressed in terms of the magnitude of the
Poynting vector, S =| S |,
S
Piog = — 2.3
= (2.3)
where S = iE x B. The time-averaged value of (S) is irradiance and is defined
as the power P incident on a surface with unit area A, but is commonly referred

to as intensity I.

Laser tweezers can measure forces over a range of 1-100 pico-Newtons (pN)
with pN accuracy [113] using a variety of different methods. The differing theories
that describe how an object can be optically trapped depends upon the particle
size relative to the trapping laser wavelength . Particles with a diameter d >
A, are considered to be in the Mie regime where the trapping forces can be

understood in terms of geometrical ray optics.

Comparatively, trapping of particles with d < X is described by the Rayleigh
regime using Rayleigh scattering theory, where the particle is treated as an
electromagnetic dipole [36]. Optical trapping has been successfully established
for both Mie and Rayleigh particles [207, 208]. In practice, laser tweezers are
employed in an intermediate regime where neither model provides a perfectly

accurate quantitative description [38, 209].

This thesis focusses on particles described by the ray optics (RO) regime
where, in some instances, d &~ A (in this case, A = 1.064 um), whilst theory of the

Rayleigh regime can be found elsewhere [53, 210].

2.1.1 Ray optics regime

The most widely adopted setup to generate laser tweezers uses an objective lens
to tightly focus a laser beam, which ensures complete three-dimensional confine-
ment. The overall trapping force experienced by the trapped particle is conven-
tionally described by two constituent forces; the scattering force Fye.i, and the
gradient force Fgraq, both due to radiation pressure. The scattering force is due
to photons travelling along the direction of laser beam propagation and tends to
push objects along this direction, even in the absence of a stable trap. The gradi-
ent force is due to the variation in intensity across the focussed laser beam profile

and acts to pull the particle toward the region of greatest intensity, occurring at
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the optical trap’s focus [4].

A particle is trapped when the gradient force overcomes the scattering force,
Furaqa > Ficat, but the scattering force may cause some displacement of the trap-
ping position [122|. It is still possible to trap if Fynag < Fgcar by using inverted
trapping, where the scattering force can be balanced by gravitational forces. An

inverted trapping arrangement is employed for the experiments in this thesis.

Optical trapping occurs only when the particle’s refractive index n,, is greater
than the refractive index of the surrounding medium n,,; n, > n,. If this con-
dition is reversed (n, < nm), Fgraa repels the particle away from the optical trap
focus |21, 53|.

Let us examine a single light ray of the trapping beam with optical power
P whose photon momentum per second is given by n,P/c. As can be seen in
Fig. 2.1, when this ray impinges on the surface of a particle with refractive index
np, a portion of its optical power is reflected to produce ray PR and the remainder

is refracted (or transmitted) giving rise to ray PT.

Figure 2.1: Ray optics diagram
for a single trapping beam ray P
impinging on the surface of a par-
ticle giving rise to reflected and
refracted (or transmitted) rays
PR, PT, PT2, PTR, PT?R, PTR?,
PT?R?, and so on. The angle of
incidence and refraction are given
by ¥ and ¢, respectively. (Figure
adapted from [211] and [212].)

The photon momentum per second for the reflected ray, PR is n,PR/c whilst
that associated with the refracted ray PT is thus n,PT/c where R and T are the
Fresnel coefficients for reflection and refraction, respectively [213]. The trapping
force felt by the particle due to the subsequent reflection and refraction of this

impinging ray is given by

P (- N ~
Fp = o {ki — Rk, — Tﬁkt} : (2.4)

Nm

where Ri, k, and k, are unit vectors describing the propagation direction of the

incident, reflected and transmitted ray, respectively.
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The total trapping force F felt by the trapped particle — the combination of
Fyot and Fgaq — is the vector sum of contributions due to the reflected ray PR
and the infinite transmitted (refracted) rays; PT?, PTR, PT?R, PTR?, PT?R?, and so

on, as given by

F = Fscat+Fgrad

NP

F = e {1+Rcos(2z9) -

T? [cos(29 — 2p) + Rcos(29)] ) «

1+ R% + 2R cos(2¢p) |

2 e . - R

T [51n(2192 2¢) + Rsin(20)] i (2.5)
1+ R? + 2R cos(2¢)

C

+ MmP {RCOS(219) -

where ¢ is the angle of incidence and ¢ is the angle of refraction as shown in
Fig. 2.1. Here, RH and k, are unit vectors parallel and perpendicular to the
direction of the incident ray [211, 212].

The role of Fgaq in the ray optics regime is illustrated in Fig. 2.2 where
the direction of light propagation is parallel and the spatial light gradient is
perpendicular to the beam axis, z, respectively. For a particle displaced from the
z-axis of a Gaussian TEMy mode laser beam (Fig. 2.2(a)), two rays p; and ps
impinging on its surface differ in intensity. Hence, their associated momentum
changes Ap; and Aps, respectively differ in magnitude, such that Ap; > Apo.
Consequently, the particle experiences both a resultant momentum change Ap,
and; due to the conservation of momentum, a lateral restoring force Fg,q so as

to oppose the particle’s lateral displacement.

For a particle displaced above or below the trap focus (Figs. 2.2(b) and 2.2(c),
respectively) rays p; and ps are of approximately equal intensity, where their in-
dividual momentum changes, Ap; and Ap», respectively, are equal and opposite.
Thus, the particle experiences a resultant momentum change Ap. resulting in
an axial restoring force Fg,,4 towards the optical trap focus in opposition to the

particle’s axial displacement.

2.2 Statistical Analysis

Calibration of an optical trap for position and optical trap strength — or stiffness

— can be performed using various techniques as mentioned in Chapter 1 and
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2
Ap, %

Ap;

(a) Lateral gradient force Fyraa-

Ap2 Ap1
Ap. /L[\‘
A \ﬁf A Ap: Aps
P1 P2 Ap.
(b) Axial gradient force (c) Axial gradient force
downwards Fgpad. upwards Fgraqd.

Figure 2.2: Optical trapping in the ray optics regime where particle diameter
d =~ X. The Gaussian intensity profile of the optical trapping beam creates a
gradient force Fgroq which acts to pull the particle towards the region of greatest
intensity where (a) shows the lateral Fgraq due to the varying intensity of the
impinging rays p; and p2 for a particle displaced from the laser beam axis (z-axis).
Whilst (b) and (c) show the azial Fg.q acting on a particle displaced above and
below the trap focus, respectively. The scattering force Fgeqt acting in the direction
of beam propagation is not shown. (Figure adapted from [209] and [211].)
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described in a comprehensive review article by Neuman and Block [53]. This
section examines the Langevin equation of motion to further quantify the forces
experienced by an optically trapped particle followed by the theory of frequency

and time-domain analysis.

2.2.1 Langevin equation of motion

An optical trap is analogous to a Hookean spring where the particle behaves
like an overdamped harmonic oscillator for small displacements and the optical
potential is harmonic about the equilibrium position. The motion of an optically

trapped particle can be described by the one-dimensional Langevin equation,
mx(t) +yx(t) + kx(t) = Fp(t) (2.6)

where x(t) is a vector representing the particle’s displacement from the optical
trap centre as a function of time, m is its mass, 7 is the viscous drag coefficient
of the fluid surrounding the trapped particle, « is the optical trap stiffness and

Fg(t) is the force due to thermal fluctuations.

The first term (left) represents the inertial force. Typical optical trapping
experiments are performed in the limit of low Reynolds number Re < 1, where
viscous forces dominate over inertial forces and the system is heavily overdamped.
In this regime, this term is several orders of magnitude smaller than any frictional

forces, meaning this term can be considered negligible.

The second term represents the viscous drag force and Stokes’ law: a spherical
particle moving through a viscous fluid at velocity v = x will experience a Stokes’
viscous drag force Fg = v, where the viscous drag coefficient v = 67nr; n is the
dynamic fluid viscosity of the surrounding medium and r is particle radius. This

expression is valid for a Newtonian fluid where 7 is constant.

The third term in Eq. (2.6) describes the optical restoring force Fr = —xx
in one dimension where k, optical trap stiffness, is analogous to the spring con-
stant [25]. The axial trap stiffness x. is weaker than the trap stiffness in the
lateral directions x, and r, since the trapped particle will scatter the light such
that the potential becomes asymmetric. Fr acts to counteract the particle’s dis-

placement and restore it to its equilibrium position at the centre of the optical
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trap. It also optically confines the particle such that low frequency fluctuations
are curtailed but high frequency vibrations due to thermal fluctuations still occur.
As previously stated, the force due to thermal fluctuations, or Brownian motion,

acting on the particle is given by Fg(t) in Eq. (2.6) where (Fg(t)) = 0.

The viscous drag force method of position calibration employs the drag force
component of Eq. (2.6). The technique applies a known Fg until the particle is
released from the optical trap. At this point, the Stokes’ viscous drag force and
the optical trapping force are equivalent Fs = Fr which allows k to be calculated
if  is known, or vice versa. At low Reynold’s number, this is the same as keeping

the trapped bead fixed and moving the surrounding medium.

Comparatively, the full Langevin equation, Eq. (2.6), is integral to performing
position and trap stiffness calibration, whether using frequency or time domain
analysis, or Boltzmann statistics and equipartition theorem. The theoretical basis
for each technique shall be described in the following sections, using the position

time series of an optically trapped 2 um polystyrene (PS) as illustration.

2.2.2 Equipartition and Boltzmann statistics

The equipartition of energy states that each degree of freedom in thermal equi-
librium has kgT /2 of thermal energy where kg is Boltzmann’s constant and T
is absolute temperature. Equating this to the thermal energy of an optically

trapped particle in a harmonic potential yields the following relation

1 1
kT = 5k (x%) (2.7)

where (2?) is the particle’s positional variance, or the distribution of positions
visited by the trapped particle during thermal fluctuations [214].

For an optically trapped particle, the probability density of finding the particle

at a given position z within a potential U(z) is described by Boltzmann statistics,

P(x) o exp (- Zé? > | (2.8)

as given by
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We expect P(z) to be proportional to the histogram of particle positions H(x);
U(x) = —kgTIn[H(z)] + kT In C’ (2.9)

where the second term, a potential offset with constant C’, can be neglected [215].

For small displacements from the equilibrium position zq — that is, the trap

centre — the potential well can be approximated by a harmonic potential
1 2
U(z) = Eﬁm(x — Tp) (2.10)

where an equivalent expression exists in the y direction. Despite the optical
trapping force possibly being weaker with an asymmetric potential, the parabolic
potential approximation can also be applied in the z direction and experimental

data to support this can be seen in Chapter 4.

Using Eqgs. (2.8) to (2.10), one can derive an expression for P(z). Hence, the
x histogram is defined such that

H(z) o P(z) = C' exp <_2;:§ (z — m?) (2.11)

which describes a Gaussian distribution given by

($ — ,U/:c)Q
G(x)=C —_ 2.12
@) =c e (-3 50), (2.12)
with mean pu,, standard deviation o, and normalisation constant C. Comparing
G(r) with H(z) in Eq. (2.11), we deduce p, = zo and k, = kgT/ (x?) since

02 = (2%). This is the same result as given in Eq. (2.7).

Experimentally, this approach requires the position of the particle to be
recorded as a function of time, as shown in Fig. 2.3 for a 2 um PS bead opti-
cally trapped in water. The histogram of positions visited by the particle H(z) is

then fitted to a Gaussian distribution to determine (z?), as shown in Fig. 2.4(a).

Observing the particle’s positional variance is a simple and common technique
for determining x and does not require a value for v, meaning this method is in-
dependent of host media and trapped particle. The technique is susceptible to

instrumental noise and drift, which, as shall be seen later in Chapter 4, will in-
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Figure 2.3: Position time series, z(t) and y(t) for an optically trapped 2 pm
polystyrene (PS) bead in water.

crease the positional variance and therefore, underestimate x |53, 54, 118|, whilst

low pass filtering will have the opposite effect [53].

For particle positions far from zq, U(x) is no longer harmonic and therefore,
a Gaussian distribution is inadequate to describe it. To solve this and improve
accuracy, the parabola can be fit to the central region of the potential well —
where U(x) is harmonic — corresponding to +1o, represented by the dashed
lines in Fig. 2.4(b).

2.2.3 Power spectral density analysis

Let us return now to the Langevin equation, Eq. (2.6), and consider the over-

damped regime, where we neglect the inertial term, such that,

7% + kx(t) = Fg(t). (2.13)

Using an appropriate Fourier transformation, the magnitude of the particle’s

position fluctuations can be transformed from the time domain ¢ to the frequency
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Figure 2.4: (a) Gaussian distribution of positions visited by am optically trapped
bead and (b) the associated optical potential for the time series shown in Fig. 2.3.
The dashed lines correspond to +1o.
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domain f;

x(t) = / h X(f)e 2 it df (2.14)

where X(f) denotes the Fourier transform of x(t). Figure 2.3 shows a typical
position time series x(t) (and y(t)) for an optically trapped particle. We can also

write the Fourier transform of the particle’s velocity x as

x(t) = —2mif /_Oo X(f)e ™t df = —2mifX(f). (2.15)

Therefore, if we take the Fourier transform of both sides of the Langevin equa-
tion in the overdamped regime Eq. (2.13) and factorise, we obtain the following

expression,

2my (fe = if) X(f) = Fs(f) (2.16)

where the ratio between the trap stiffness and drag coefficient is given by the

corner frequency f.:
K

fe (2.17)

g %
which describes the characteristic roll frequency of the optical trap shown in
Fig. 2.5. More specifically, it defines the difference between optical trapping and

thermal fluctuations. Now, taking the square modulus of Eq. (2.16) one obtains,
Am®y? (f2+ ) IX(HF = [Fa()F (2.18)

where the power spectrum of z(t) is defined as S,(f) = |X(f)|° and the power
spectrum due to Brownian motion Sg(f) = |Fg(f)|>. Taking into account that
Sg(f) is a constant equal to 4vkgT', with an average value (Sg(f)) = 0 [216], Eq.
(2.18) can be rewritten such that the power spectral density (PSD) is given by

kgT

S = mEr

(2.19)

Equation (2.19) has an approximate Lorentzian profile as shown in Fig. 2.5. The
figure illustrates two distinct regions of power-frequency relationship, where the
shift between them is characterised by f.; the point at which the power of thermal
motion is half its initial value Sy, i.e. S. = S5p/2 [122]. More specifically, for
frequencies f < f., the particle is confined by the optical trap and the PSD
remains approximately constant such that S,(f) ~ Sy = 4vkgT/k?, as per Eq.

Jennifer Louise Sanders 7



CHAPTER 2: LASER TWEEZERS AND STATISTICAL METHODS

100
-
5
=001
E
E 10741
&
(% 10°6
A
10°8
Raw PSD
— Blocked PSD
Lorentzian Fit
10-10 ‘ ‘ ‘ ‘ ‘
10° 10% 104
Frequency f [Hz|
(a)
100
Lol
17 Lo it
N
T 001
N—t
=
E 1074
&
93 10°6
=W
1078
Raw PSD
— Blocked PSD
Lorentzian Fit
10-10 ‘ ‘ L ‘ ‘
10° 102 10*

Frequency f [Hz]

(b)

Figure 2.5: Power Spectral Density (PSD) for the (a) z and (b) y directions for
the time series shown in Fig. 2.3. At low frequencies f < f., the PSD becomes
approximately constant where S,(f) ~ Sy. For high frequencies f > f., S.(f) is
proportional to 1/f? giving a slope of —2, as expected for free diffusion [216].
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(2.19). Whereas, for frequencies f > f., the particle experiences only Brownian
motion and as such, the PSD S,(f) is proportional to 1/f? giving a slope of —2,
as expected for free diffusion. Thus, it is apparent that for short timescales, the

particle does not strongly feel the effect of optical confinement. |216]

Furthermore, if trapping power P; < P, the PSD output and f. is affected such
that f., < f., meaning k; < kg, as defined by Eq. (2.17). This is an intuitive result
with a stronger trapping power producing a stiffer trap, subsequently decreasing
the positional variance due to thermal fluctuations (z?), and is illustrated in
several references [197, 217-221|.

As mentioned in Chapter 1, an optically trapped particle’s PSD can be used
for calibration of position and optical trap stiffness. Equation (2.19) allows s
to be determined from f., using a calculated value for . This is typically per-
formed by recording the intensity variation of the trapping beam with a position
sensitive detector, such as a quadrant photodiode, referred to as back focal plane
interferometry (BFPI). This method requires the voltage signal produced by the

detector to be converted to particle displacement relative to the trap centre.

Video-based tracking methods can also be used provided the bandwidth is
sufficient to accurately record the PSD at least one order of magnitude above
fe [53, 72]; on the order of kHz. One might also wish to account for video-image

motion blur as described by Wong and Halvorsen [222].

The theory and application of both methods; back focal plane interferometry
and high-speed video microscopy, are described in further detail as part of the
Optical Setup in Chapter 4 which also includes the details of calibration for this

work.

In a system where the medium viscosity is unknown, a combination of optical
potential and PSD analysis can be used, to first calculate x and f., respectively.
From Eq. (2.17), and remembering the equipartition theorem of Eq. (2.7) gives

k = kgT/ (x?), viscosity can be calculated using

kgT

T 1202 (22) fe (2:20)

n

where the drag coefficient v = 67nr has been incorporated.
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2.2.4 Autocorrelation

For a particle in a harmonic potential well, the overdamped Langevin equation
Eq. (2.13) can be solved for x(t) to give its autocorrelation function (ACF), which

decays exponentially as shown by the circles in Fig. 2.6 and given by

T

(x(t+ 7)z(t)) = (2*) exp (——) (2.21)
Te
where 7 is the correlation time and 7. is the decay time — also known as the

corner or trap relaxation time — defined as

(2.22)

_ 7
Te=—.
K
Substituting v = 6mnr and x = kgT'/ (z?) into Eq. (2.22) allows viscosity to be
calculated from the ACF using

0= % . (2.23)

At 7 =0, Eq. (2.21) becomes (x?) illustrating free diffusion whilst at long time
scales 7 — 00, the autocorrelation function (x(t + 7)x(t)) — 0 as the particle is
confined by the optical trap. Incidentally, Eq. (2.22) can also be expressed as
7. = 1/27 f., thus producing the same result as Eq. (2.20), where 7 is calculated
using the PSD and f,.

As trapping power, and hence k, is increased, the ACF’s maximum value
decreases to give a shorter 7. as shown in experiments by Czerwinski, Richardson
and Oddershede [223] and Gibson et al. |217]. This is in perfect agreement with

Eq. (2.22) where & is inversely proportional to 7.

When the ACF is normalised to unity, the technique does not rely on the
exact calibration of the position detection but works on the assumption that the

trapped particle is confined within a harmonic potential.
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Figure 2.6: Normalised autocorrelation (filled circles) and mean squared displace-
ment (open squares) functions for (a) = and (b) y directions for the time series
shown in Fig. 2.3. The dashed lines indicate the cross over between free diffusion
and optical confinement to give the corner decay time 7, represented by the solid

black line.
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2.2.5 Mean square displacement

The mean square displacement (MSD) of () is given by
(Az*(7)) = ([x(t + 7) — 2(t)]*) (2.24)

where 7 is again the correlation time. The MSD for the time series shown in
Fig. 2.3 can be seen in Fig. 2.6. The MSD can also be related to the ACF given
by Eq. (2.21);

(A2?(7)) =2(2”) — 2 (z(t + 7)z(t)) (2.25)

which by substitution yields

(Az(r)) = Zel {1 — exp (—%)] . (2.26)

K

As shown in Fig. 2.6 and from Eq. (2.26), when 7 = 0, the MSD is also zero;
(Ax?(7)) = 0. For 0 < 7 < 7, the particle freely diffuses and the MSD grows
linearly; (Axz?) = 2Dy7, where the free diffusion coefficient Dy = kgT'/~ is given
by the Stokes-Einstein relation. Finally, for 7 — oo, the MSD will plateau at
(Ax?(7)) = 2kgT/k as it feels the effect of the optical confinement. As trapping
power, and hence k, is increased, the MSD plateau value decreases to give a
shorter 7., also agreeing with Eq. (2.22). [224]

Fitting the exponential expression in Eq. (2.26) to experimental data to de-

termine Dy or 7. allows the viscosity to calculated by

kT k7
= 6rDor 671

(2.27)

Incidentally, for a loglog plot of the MSD, the gradient lies between 0 and 1,
corresponding to a purely elastic or purely viscous material, respectively. Hence,

a gradient lying within this range will be that of a viscoelastic material [225].
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2.3 Faxén’s correction

The hydrodynamical Stokes’ drag force Fg felt by a trapped particle increases
with greater proximity to a surface, such as the microscope coverslip, for example.
This effect occurs both in the lateral and axial directions. The lateral and axial

drag coeflicients, 7., = 7 and 7. = 71, respectively, are modified as given by
Schiffer, Ngrrelykke and Howard [226]:

6mnr

— 2.28
g ) Or N r3 454 rd (2.28)
1621 SZ% 256Z% 16Z{1
6mnr
— 2.29
e r r3 57r* rd Tril ri? ( )

1—

87 T 273 10074 T 523 T 20020 25712

where Zt is the distance between the trapped particle and the plane surface or,
more specifically (and as before), trap depth. For Zy — oo, v = v = v = 6mnr;
the bulk drag coefficient corresponding to Stokes’ drag with viscosity 7.

The effect a trapped particle’s
prOXimity to a Surface has on 7 can Trap depth—bead radius ratio Zr/r [dimensionless]
0 2 4 6 8 10 12 14
be seen in Fig. 2.7, where the ratio 5 T

T T
e Lateral ypc =7

4t *  Axial ype =71

between 7 given by Stokes’ Law and

the corrected drag coefficients v and 351

v, are plotted as a function of trap °f

depth Zr.

The values are calculated using
Egs. (2.28) and (2.29) with r = 3 um I > s < %
and = 0.8999mPas (the accepted Trap depth Zr [um|

Drag coefficient yrc/v [dimensionless]

value for the viscosity of water at Figure 2.7: The effect on the Stokes’ vis-

25°C). The top axis indicates the cous drag coefficient v due to a trapped
dimensionless ratio of trap depth to Pparticle being in close proximity to a sur-
face. As the bead approaches the surface,

the drag coefficient increases significantly,
as the particle approaches the surface,  pore so in the axial direction.

bead radius; Zr/r. It can be seen that

i.e. when Zp — r and thus, Zp/r — 1

the drag coefficient increases signifi-
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cantly, more so in the axial direction. Comparatively, as the bead moves far away
from the surface such that Zp > r, any effect on  due to the surface reaches a

minimia, where v/ and /v, both tend toward 1.

Toli¢-Ngrrelykke, Berg-Sgrensen and Flyvbjerg |227] describe the use of a
Matlab program to account for a frequency-dependent hydrodynamic effect in
the theoretical power spectrum when fitting to experimental data. Alternatively,
one can use Stokes’ drag coefficient with Faxén’s correction applied, vy or 7,

whilst using an uncorrected theoretical power spectrum.

2.4 Trapping efficiency

The force exerted by a laser beam with power P travelling through a medium

with refractive index n,, is given by
mP
F=Qm (2.30)
c

where () is the optical trapping efficiency; a dimensionless constant of propor-
tionality which can be thought of as the fraction of incident power used to ex-
ert an optical force. () accounts for beam parameters, such as spot size, wave-
length, and beam profile; and optical properties of the trapped particle, includ-
ing its size, shape and mass, and refractive index relative to the surrounding
medium [38, 228, 229|. For plane waves incident on a perfectly absorbing parti-
cle, Q = 1.

The quantity n,P/c is the laser beam’s total linear momentum flux [38, 211].
Hence, Eq. (2.30) shows an increase in F' is proportional to increases in P, n,, or Q.
It is not always possible to maximise each of these quantities. For example, the
magnitude of the trapping laser power becomes important for systems which are
susceptible to photodamage, such as biological samples, and the refractive index
of the host medium is often restricted. For small dielectric or metal particles,
0.03 <@ <0.1.

We can derive expressions for () in the lateral and axial directions, Q,, and @),

respectively. @), is determined using the viscous drag force method as described
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above. Therefore, equating Eq. (2.30) with the viscous drag force Fg yields

Quy = —— 6T Vrctease (2.31)

m
where Vreease 18 the velocity at which the particle is released from the optical trap.

To determine ()., the trapping power is decreased until the trapped particle
‘falls’ from the optical trap. The axial trapping efficiency is given by

c

Q.= - (Pp — Pm) Vo g (2.32)

where p, and py, are the densities of the particle and medium, respectively, V}, is
the particle’s volume and g is the acceleration due to gravity [230]. Here, P, is
the minimum power required to overcome gravity and to achieve successful axial
trapping |38, 231]. When P < P, the particle is pushed out by the scattering
force Fyear [231].

2.5 Measurement and calculation

For clarity, Fig. 2.8 summarises each of the techniques employed in this research;
the equipartition (EQ), viscous drag (VD), power spectral density (PSD) and
escape force (EF) methods. The equations used, the measurements made and
the quantities obtained are shown. The method(s) chosen will depend on the

known or desired quantities.

Weighted linear regression was performed using a least squares fitting proce-
dure in Matlab [232] and, where appropriate, figures display the goodness of fit
paramater, 2. Error expressions were derived from the propagation of errors and
their individual quantities combined in quadrature. Any further details necessary

are given in the appropriate sections.

2.6 Summary

This chapter details has presented the theoretical basis for laser tweezers with spe-

cific focus on the ray optics regime. The statistical methods were summarised,
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(a) EQ method

Passive

Using:

LeoT = 3n(a) 00

(b) VD method

Active

Stokes’ Force = Trapping Force

Fg = 6mnrv

2.6
Fr =kx (25)
(c) PSD method
Passive
Using:
Kk =21y fe (2.17)

kgT
1= ey (220

(d) EF method
Active

Trapping Force = Escape Force
Frax = 6mnrvese  (7.2)
— QuuPr (930 7.3)
@
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Figure 2.8: Flow diagram summarising each of the techniques employed in this re-
search; (a) EQ: equipartition method, (b) VD: viscous drag method, (c) PSD: power
spectral density method and (d) EF: escape force method. Each method details the
relationships used (with reference to relevant equation numbers in brackets), which
variables are measured and the quantities obtained.

derived from the Langevin equation of motion, with details of power spectral den-
sity analysis. Trapping efficiency and surface proximity to an optically trapped
particle were discussed. Finally, a flow diagram detailing each of the four meth-
ods employed in this research; specifically the quantities measured and calculated,

provides a clear reference.
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Chapter 3

Liquid Crystals Background and
Methods

At this stage, it is important to introduce key definitions, theoretical concepts,
physical characteristics and practical techniques related to liquid crystal physics.
This section will also provide the specifications of the chosen liquid crystals and

colloids and detail the sample preparation process.

A liquid crystal (LC) phase is a mesomorphic phase; it forms an intermediate
phase whose mechanical and symmetry properties are between that of the solid

crystalline and isotropic liquid phases.

Two main types of liquid crystal exist; thermotropic and lyotropic. Ther-
motropic LCs have small organic molecules, typically rod or disk-shaped, whose
mesomorphic behaviour depends on temperature. Lyotropic LCs can be com-
prised of a mixture of molecules whose behaviour depends on both the concentra-
tion of the species present and the temperature. [149| There are also chromonic
liquid crystals, or chromonics, which belong to a class of lyotropic liquid crystals.
They generally consist of rigid, plank-shaped or blade-like molecules and form due
to the self-organisation of aromatic compounds with ionic or hydrophilic groups

in aqueous solutions [233].

This research focuses on nematic liquid crystals (NLCs), which are ther-
motropic mesophases consisting of rod shaped molecules with one axis signifi-
cantly longer than the other two. This causes the nematic molecules — also

known as nematogens — to collectively lie with their long axes pointing along one
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. am“ Figure 3.1: A nematic liquid crystal consists of rod

shaped molecules with one axis significantly longer
“ than the other two. Thus, the nematic molecules,
or nematogens, collectively align themselves in one

@ %ﬂ general direction given by the director © whilst their

position remains uncorrelated.

particular direction whilst their positions are uncorrelated, as shown in Fig. 3.1.
The average direction along which the nematic molecules align is known as the

‘director’ denoted by n, where n and —n are indistinguishable. [234, 235|

3.1 Anisotropic properties

Nematic materials are inherently anisotropic due to the orientational order present
resulting in the manifestation of several anisotropic properties such as birefrin-
gence, dielectric anisotropy and anisotropic viscosity, which will be described

below.

3.1.1 Birefringence

Optically, anisotropy presents itself as birefringence; light passing through the
liquid crystal will experience a different refractive index depending on its orien-
tation relative to n. Light polarised perpendicular to the optic axis, and hence
n, will experience the ordinary refractive n, whilst light polarised parallel to the
optic axis and n will experience the extraordinary refractive index n,. These
components are often referred to as the o-ray (fast component) and e-ray (slow

component), respectively.

The light rays emerging from a birefringent material of thickness h experiences

a phase difference as given by

B 2mhAn
DY

A (3.1)

where the material’s birefringence An = n, — n,, and X is the wavelength [236].

Birefringent materials are employed for phase retardation where varying the thick-
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Figure 3.2: Refractive index as a function of temperature. The ordinary and
extraordinary refractive indices are given by n, and ne, respectively whilst njg
denotes the isotropic refractive index. T is the clearing temperature. Values given
are just for illustration.

ness allows control over the phase shift and hence the polarisation of the emerging
light.

Refractive index is temperature dependent as shown in Fig. 3.2; which can re-
sult in temperature dependent birefringence also. Again, as the thermal energy of
the system increases with temperature, increased fluctuation of the molecular ori-
entation occurs. Therefore, as the temperature of the nematic material increases,
An decreases until the system becomes optically isotropic at the transition, or

clearing temperature 7.

Electric and magnetic fields can be applied to manipulate n and therefore

control the effective An as employed in LCD technology.

3.1.2 Dielectric anisotropy

Dielectric properties relate the response of a material to the application of an
electric field E which, when applied to a LC, can alter its refractive index via the

induction of a dipole moment.

The permittivity of a material describes its polarisability in response to E and

is given by
€ = €oXe (3.2)
where ¢€q is the permittivity of free space and . the electric susceptibility. For

small electric fields, the dipole moment per unit volume, or polarisation density
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P = <E [236, 237].

Similar to a nematic’s refractive index, e differs depending on the direction
relative to n. Thus, a dielectric anisotropy Ae results, which can be positive or

negative, defined as
Ae=¢j—¢€, (3.3)

where ¢ is the permittivity parallel to 7 and ¢ is perpendicular to nn. The larger
Aeg, the smaller the electric field required to invoke a response from the LC. As
with birefringence, dielectric anisotropy is temperature dependent as shown in
Fig. 3.3.

W
2 Sl Ae>0
2010
2 :
2 gt
g
5}
o 6 +
© Eiso
E 4 r g1 :
2 _/
Lot :
A
Temperature ¢

Figure 3.3: Dielectric permittivity of a nematic with dielectric anisotropy Ae > 0
as a function of temperature. The permittivities parallel and perpendicular to n
are given by ¢ and €, respectively whilst eis, denotes the isotropic permittivity.
T, is the clearing temperature. Values given are just for illustration.

3.1.3 Anisotropic viscosity

The relationship between n and the NLC’s fluid velocity, termed ‘nematodynam-
1cs’, is described by the Ericksen-Leslie equations which include five indepen-
dent Leslie coefficients «; where ¢ = 1,2,...5. Solutions to these equations are
paramount for determining LCD switching times. As mentioned in Section 1.5.5,
these are typically calculated by determining effective viscosities in shear flow
experiments; applying shear to a LC sample cell, in which 7 is aligned electrically

or magnetically.
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The effective viscosity 7, of a LC medium is given by
n(0, ) = 1 sin? 0 cos® ¢ + ny cos® O + Nz sin? §sin® ¢ + 2 sin’ § cos® § cos® ¢ (3.4)

where 71, 7o and 73 are the three principal anistropic viscosity coefficients, also
known as the Miesowicz viscosity coefficients, concerned with back-flow effects in
a NLC and thus, switching times of an NLC device. As shown in Fig. 3.4, the
angles 6 and ¢ define the orientation of n relative to shear flow v and its gradient
Vu. m12 is the anisotropic viscosity coefficient associated with n not being parallel
to either v or Vv [238|.

.

Figure 3.4: Orientation of the LC director n relative to the flow velocity v and
flow velocity gradient V.

The Miesowicz viscosity coefficients are defined in terms of the Leslie coeffi-

cients as follows

oy + a5 — Qg

m=—— (3.5)

e (3.6)
a

N2 = Q1. (3.8)

The relevant geometries in a laser tweezers setup can be seen in Fig. 3.5.

Interestingly, in a 3D scenario, the aniostropic viscosity coefficients n; and 73
occur simultaneously and are inseparable, so are given by effective viscosity 1k

i.e. perpendicular to n whilst 7, is given by n,!ff; parallel to n. Experiments with
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(a) Migsowicz viscosity coefficient 7; where 72 L v, 71 || Vo as in a cell
with planar alignment.
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(b) Miegsowicz viscosity coefficient 1y where 7 || v, 7 L Vv as in a cell
with homeotropic alignment.
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(c) Migsowicz viscosity coefficient 3 where 7 L v, it 1. Vo as in a cell
with planar alignment.

Figure 3.5: The geometry for an optically trapped colloid in a nematic LC medium
illustrating the definition of Miesowicz anisotropic viscosity coefficients (a) 11, (b) 79
and (c) n3 defined in terms of n relative to flow velocity v and its gradient Vov. The

effective viscosity 77:,& describes the combination of 77 and 73, whilst 7
79, which are are perpendicular and parallel to n, respectively.

o describes
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Table 3.1: Relationship between the three planes in a LC cell and its orientation
relative to LC director n. The reader should also refer to Fig. 3.5.

Planar Homeotropic
z|ln xln rln
yLln yln y Ln
zln z1ln z || n

laser tweezers allow measurement of 1k and ngﬁ where the viscous drag force

method has previously been employed for this [167, 168].

It is also possible to determine n,!ff and 7 of a LC, leading to n;, 7o and
13, by observing three dimensional position fluctuations of an optically trapped
colloid immersed in the LC. As illustrated in Fig. 3.5, for a homeotropic cell,
fluctuations occurring in the z direction are parallel to n, whilst those in the x
and y directions are both perpendicular to n. In a planar cell, fluctuations in the
z direction are perpendicular to n. Depending on the orientation of the planar
cell, either the x or y will be parallel to n. These relationships are also given in
Table 3.1.

The following expression allows all Leslie coefficients to be calculated

1 1
M =13+ 5(771 + 12 + 2m3) + 12 (3.9)

In addition, in order to design efficient LLCDs, rotational effects on the NLC
should be considered where the viscosity coefficients associated with rotation of

n are given by 7, and 7s, also defined in terms of the Leslie coefficients;

71 = Q3 = Qg, (3.10)
Y2 = Q3 + Qo (3.11)

The aim of the work presented in this thesis will be to measure effective

viscosity coefficients parallel and perpendicular to 7; nl and ngﬂ, respectively.
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3.2 Viscoelastic properties

Molecular reorientation can occur when a sufficiently large electric field overcomes
the anchoring and viscoelastic properties of a LC. However, this is particularly
difficult to achieve at material interfaces, where strong inter-molecular surface
anchoring exists. This section describes director distortions, the response of a
NLC to an applied electric field and its behaviour following the introduction of
colloids.

3.2.1 Director distortion

Gradual director distortion throughout the bulk LC can occur, where the class of
distortion depends on its direction relative to n. The Frank free energy density

in a nematic LC describes the amount of director distortion and is given by

1
Fa=3 [K1(V - 7)? 4+ Ky(f- V x 1) + K3(R x V x 7)?] (3.12)
where K, Ky and K3 are the Frank elastic constants corresponding to the three
distortions possible in a L.C; splay, twist and bend, respectively whose geometries

are shown in Fig. 3.6 [236]. They are typically on the order of 107''N [234].

S Q A \fl
®n
) aa gﬁl o. .o 'o. .g .o .o ; ﬂ “ “ “uu
=SS L. st 10 00 Yy,
1.5 T th
(a) Splay (b) Twist (c) Bend

Figure 3.6: Schematic of nematic LC director 7 distortion; (a) splay (b) twist and
(c) bend [235, 239].

3.2.2 Fréedericksz transition

The point at which the restoring forces within the LC can be overcome by an
electric field is defined as the Fréedericksz transition [236]. The applied field
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causes a director distortion across the nematic material, provided the field exceeds

some threshold value defined as

™ KZ
E,. = — 3.13
=10 2 A (3.13)

where K; corresponds to the elastic constants with ¢ = 1,2,3 and as before, h

is the thickness of the nematic material. The director remains undistorted if
E < E;,. Gradual director distortions across the bulk occur once E > E,. A

derivation for Ey, can be found in [149].

It is possible to induce the Fréedericksz transition optically, known as the opti-
cal Fréedericksz transition (OFT), if the NLC is irradiated by a laser beam [240].
Similarly, the OFT occurs when a laser beam with a sufficiently large intensity /
above a threshold value Iy, enters the system. The OFT can be employed to trap
colloids with low refractive index relative to those of the LC in a scenario which

would otherwise produce a repulsive rather than attractive optical force [176, 182].

3.2.3 Ericksen number FE,

The Ericksen number F, is a dimensionless quantity describing the ratio of viscous

to elastic forces in a nematic LC;

QU
E, = 3.14
oK, (3.14)

where v, and r are velocity and length scales e.g. the velocity and radius of a
colloid immersed in the NLC, and a4 is a Leslie coefficient [237]. At low Ericksen
number F, < 1, elastic forces exceed viscous forces and so any elastic distortions

of the director due to the flow field are considered negligible.

3.2.4 Colloid behaviour within a nematic liquid crystal

Particles introduced into a NLC create a director distortion across the bulk where
the behaviour of the colloid-LC composite depends on the competition between

molecular anchoring at the surface of the colloid and the NLC’s bulk elasticity.

An initially uniform n will be largely unaffected by colloids with weak surface
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anchoring. However, those with strong surface anchoring, n will be distorted in
order to accommodate the colloid’s surface anchoring to minimise the free energy
in the system [168]. These director distortions introduce defects, including point

defects, also referred to as ‘hedgehogs’, and line defects, or disclinations.

Figure 3.7 illustrates the types of surface anchoring and the associated de-
fects induced. If the surface anchoring of n is planar, two point defects, referred
to as ‘boojums’, are created as shown in Fig. 3.7(a). Homeotropic surface an-
choring (i.e. normal to the colloid surface), creates a radial director structure.
Weak homeotropic surface anchoring creates a Saturn-ring defect, as shown in
Fig. 3.7(b) whilst strong homeotropic surface anchoring generates a satellite de-
fect (Fig. 3.7(c)).

The ratio between surface anchoring energy at the colloid surface JF; and
elastic energy of the nematic J; is given by the following dimensionless anchoring
parameter

:Tel Wr
W= — = 3.15
f-2-¢ (3.15)

where r is particle radius, W is the anchoring energy on the particle and Kj is the

appropriate Frank elastic constant (typically W~1 pN/m and K;~10 pN) [241].
For strong anchoring &, > 1 resulting in topological defects whereas for weak

anchoring &, < 1, where n is only distorted close to the colloid surface.

The addition of colloids to a nematic LC can also affect the clearing temper-
ature 7T, where an increase in particle concentration can lead to a decrease in
T. [242].

(a) Point defect (b) Saturn-ring (c) Satellite

Figure 3.7: Surface anchoring of nematic LC director n; (a) point defect illustrates
planar alignment at surface of colloid whilst (b) Saturn-ring defect indicates weak
homeotropic surface anchoring and (c) satellite defect indicates strong homeotropic
surface anchoring.
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3.3 Liquid crystal cells

The liquid crystal cells used in this work consisted of microspheres dispersed
in aligned nematic LC mixture. The cells themselves were created from two
coverslips separated by spacers and sealed with UV sensitive glue. The LC cell
is then adhered to a microscope slide using nail varnish. Cell thickness was then

measured using reflectance spectroscopy.

The fabrication of each LC cell was extensive. In addition to an intensive
cleaning procedure, it was necessary to calculate and measure the ratio of mi-
crospheres to liquid crystal, disperse the colloids in the L.C using an ultrasound
bath and apply an alignment layer to the cell surfaces. After assembling each cell,
the unfilled cell thickness was measured using reflectance spectroscopy and each
cell was then loaded with the LC-colloid mixture. Each process is described in
further detail in the following subsections beginning with the L.C materials and

colloids chosen.

One should note that the refractive indices of the LCs and colloidal materials
are quoted for a given wavelength of light but will of course be dispersive media,
i.e. their refractive index is wavelength-dependent. This wavelength dependency
is described by the Sellmeier equations [243]. In addition, the values are also

quoted for a given temperature where refractive index can vary with temperature.

3.3.1 Liquid crystalline materials

In order to optically trap colloids within a medium with refractive index n,,, it
is important to adhere to the criterion n,, < n, where n, is the refractive index

of the particle being trapped.

When concerned with trapping in a liquid crystal, nematic materials with a
low An facilitate efficient trapping at a depth of tens of microns into the LC cell.

This becomes more difficult in nematic materials with a high birefringence [155].

Therefore, care was taken when choosing appropriate liquid crystalline ma-
terials. Table 3.2 details the important specifications of the liquid crystalline
materials chosen to act as the host medium; MLC-6609 and MLC-6648, both
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Table 3.2: Important paramaters of chosen nematic LCs; birefringence An, ex-
traordinary and ordinary refractive indices n, and ne, dielectric anisotropy Ae,
clearing temperature 7T, and flow viscosity v. 1cP = 0.001 Pas. Refractive indices
are determined at 589 nm and 20 °C. Manufactured by Merck [244].

An e o Ae T. [°C] v [cP]

MLC-6648 0.0701 1.5457 1.4756 Unavailable  90.5 19
MLC-6609 0.0777 1.5514 1.4737 -3.7 91.5 20

manufactured by Merck [244]|. The liquid crystal should also have (a) a reason-
able viscosity to allow colloidal motion, (b) a significant difference between n,
and n,, to ensure successful optical trapping, and (c) a high clearing temperature

T, to avoid the laser’s thermal heat inducing the phase transition.

3.3.2 Colloidal materials and preparation

It was important to choose colloids with suitable parameters allowing them to be
optically trapped under the condition n,, < n,. Shown in Table 3.3 are important
physical specifications for the colloids chosen for dispersing within the nematic
LCs; polystyrene (PS) spheres and borosilicate (or soda lime glass) spheres. The
PS beads came pre-dispered in water so it was necessary for these to be dried

prior to dispersing them in LC, whereas the silica (SC) beads were pre-dried.

3.3.3 Liquid crystal alignment

It was necessary to treat the surfaces of the LC cell to control the orientation of
n. It is possible to align n parallel, perpendicular and at some angle to the cell
surface; planar, homeotropic and tilted alignment, respectively. Tilted alignment
was not employed for this work so only the techniques for achieving planar and
homeotropic alignment will be described. Once the coverslips were assembled to
create cells and filled with the L.C-colloid mixture, successful alignment could be

verified, as described in Section 3.3.6.
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Table 3.3: Important paramaters of chosen colloids. The coefficient of variation
(CV) refers to the size variation of a bead population and is the % ratio of the
standard deviation to mean diameter.

Nominal Diameter Density  Refractive  Dielectric
d (um) (CV) p (g/em®)  index n  constant e

POLYSTYRENE SPHERES PolySciences [245]

2um  1.914 (3.8%)
3um  2.909 (4.7%)

6 ym 5.658 (5.4%) 1.05 1.59 ~ 2.6
10 um  9.14 (7.8%)

SILICA SPHERES ThermoScientific |246]
2 um 20 (30%) 550

5 pum 51 (12%) ' L 56 - 3
8um 80 (13%) 555 ' '

10 um 101 (11%)

3.3.3.1 Planar alignment

Mechanical rubbing of the cell surface with a polymer applied to it with paper or
cloth is a simple method employed to achieve planar, or homogenous, alignment

of the LC, providing strong anchoring [239].

Polyvinyl alcohol (PVA) was the polymer chosen to create the planar align-
ment layer. Each coverslip was spin-coated with 4 drops of PVA solution in water
at a rate of 60 rps. The coverslip was then baked at ~130°C for 10 minutes and,
after cooling, was rubbed unidirectionally with a velvet cloth roller approximately

10 times.

3.3.3.2 Homeotropic alignment

Liquid crystal cells can be homeotropically aligned via the application of a sur-
factant to the cell surfaces, such as silanes which are organic molecules. Oc-
tadecyltrimethoxysilane (OTMS) or Silane was the surfactant chosen to create
homeotropic alignment. A drop of OTMS was dissolved in deionised water, soni-
cated for 1015 minutes, followed by the addition of 5 ml of ethanol and sonicated
further. It was important to sonicate the OTMS until fully dispersed creating a
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cloudy solution otherwise an uneven alignment layer may result. Each coverslip
was ‘dipped’ into the OTMS mixture for approximately 20 seconds with any ex-
cess removed with isopropyl alcohol (IPA). The alignment was fixed by baking
the coverslip at ~100°C for 2-5 minutes and then at 120-150°C for a further

60 minutes.

3.3.4 Assembling cells

Two coated coverslips were sandwiched together — displaced slightly to allow for
filling by capillary action — using Kapton spacers with an approximate length
and width of 2.5c¢m and 3 mm, respectively. The cells were adhered using UV
sensitive glue and once the cell had been filled with the LC-colloid mixture, the
cell edges were sealed with UV cured glue. During this, the cell area containing
the LC-colloid mixture was protected from the UV light source e.g. with black
card, to avoid the LC being destroyed.

3.3.5 Measuring cell thickness

Reflectance spectroscopy was used to measure the thickness, h of each cell before
any LC-colloid mixture was loaded. The theory of the technique is founded in the
intereference of white light fringes [247|. The thickness is calculated as follows;
N s
h=—"-"—""+ 3.16
2(Aa — \p) ( )
where N is the number of spectrum maxima, and A; and )y are the wavelengths
associated with the initial and final maxima, respectively. An idealised reflectance

spectra can be seen in Fig. 3.8.

LC cells that are symmetrical (square) compared with those which are asym-
metrical (rectangular) may tend to dip in the centre as their support, provided
by the spacers along the edge, against the weight of the coverslip is further away.
Therefore, it was decided, rather than taking one measurement at some arbitrary
point of the cell, readings at the centre as well as towards the four corners of the

cell should be taken to calculate an average cell thickness.
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Figure 3.8: The above idealised reflectance spectra with N =

16 maxima,

A1 = 560nm and Ay = 690nm which would indicate a cell thickness, h = 24 um

calculated using Eq. (3.16).

3.3.6 Verifying alignment

The penultimate stage of the process was to fill the LC cell with the LC-colloid

mixture, and to seal the cell edges with UV-sensitive glue, as described above.

Whilst observing through a polarising microscope, LC cells with homeotropic

alignment were steadily heated above the associated phase transition 7., and

then cooled back down. The microscope ocular can then be removed to observe

the interference pattern, an isogyre or conoscopic cross, to determine the type and

success of the alignment layer [237]. The conoscopic image is produced in the back

focal plane of the microscope objective and confirms the presence of birefringence,

indicating its orientation with respect to n. An off-centre conoscopic cross implies

the optic axis is inclined at some angle with respect to the axis of the microscope.

Figure 3.9 shows the conoscopic pattern ob-
served for an LC cell with homeotropic alignment.
In this case, n is normal to the glass surface so
no birefringence is observed because the phase is
uniaxial and the optic axis is normal to the sub-

strates.

To verify planar alignment, the LC cell was
viewed between crossed polarisers and the mini-
mum and maximum transmission observed as the

LC was rotated relative to the crossed polarisers.

Jennifer Louise Sanders

Figure 3.9: Conoscopic
interference image for an
anisotropic  liquid  crystal
illustrating homeotropic
alignment.
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Finally, the LC cell is then adhered to the surface of a microscope slide using

nail varnish and a schematic of a LC sample cell can be seen in Fig. 3.10.

?Snglclfé Coverslip Liquid crystal
and beads
Nail
varnish 0 ) 4 Q )
A . O ) Q (

Microscope slide

Figure 3.10: A LC sample cell contains microspheres e.g. polystyrene (PS) and
silica (SC) beads, dispersed in nematic LC. Cell thickness h, measured using re-
flectance spectroscopy, ranged between approximately 20 — 40 um whilst particle
radius varied between 2 — 10 wm. The LC cell is adhered to a microscope slide
using nail varnish.

3.4 Summary
This chapter has introduced some important characteristics of and concepts relat-

ing to liquid crystals, along with the chosen materials and the prepartion process

for producing the samples used in this work.
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Chapter 4
Optical Setup

This chapter details the design and implementation of the laser tweezing system.
The main components of the system are discussed, including the optical setup,
the sample, and imaging and particle tracking. Following this, the calibration
of position and trapping power is presented with associated quantities, and the

effect of heating, drift and noise is discussed.

4.1 Laser tweezing system

The optical layout of the laser tweezing system, built around a commercially
available Leica [248] inverted optical microscope, is shown in Fig. 4.1, which can
be divided into three main parts; (i) the laser tweezers, (ii) the microscope optics
and (iii) the visual tracking system. All optics were secured to a ~2.55m by
1.25 m isolation table manufactured by Melles Griot [249], which could be floated
to eliminate external vibrations. The laboratory was thermostatically controlled

between 21 and 23 °C, and assumed to be stable in this range.

Laser tweezers

The trapping laser source was provided by a Laser Quantum [250] low noise,
continuous wave, diode pumped solid state (DPSS) Neodymium Doped Yttrium
Orthovanadate (Nd:YVOy) laser able to produce a power of up to 1.1 W, operating
at a wavelength A\ of 1064 nm with a TEMy, beam profile.
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Microscope optics
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Figure 4.1: The laser tweezing system. Laser tweezers: 1064 nm wavelength trap-
ping laser (TL), polarising beamsplitter (PBS), beam expansion and beam steering
lenses (L.1-L4), and galvanometer-controlled mirrors (G1,G2) with computer con-
trol (PC). Trapping power is accurately controlled using a variable neutral density
filter (NDF). Microscope optics: A dichroic mirror (DM) directs the trapping beam
to the 100x oil-immersion microscope objective lens (OBJ) with numerical aperture
NA = 1.30. The trapping beam is tightly focussed into the sample (SA) attached
to a translation stage (XY). The illumination beam (IL) is directed to the sample
via a variable aperture (AP) and condenser lens (CO). Both beams are directed to-
wards a viewing eyepiece (EP) and camera (CAM) via an internal prism (PM) and
sliding beamsplitter (SL). The axial position of OBJ can be altered using the focus
control (FC) or a joystick (not shown). Visual tracking system: a bandpass filter
(BP) blocks the trapping beam. A 0.5x Leica TV Adapter (TVA) and a CMOS
camera is linked to an Apple MAC for high-speed imaging and particle tracking.
MAC is also used for controlling XY. See text for further details.
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The trapping beam encounters the collimating, beem steering and beam ex-
pansion lenses (L1-L4) whose focal lengths are given in Table 4.1 (p. 106). Lenses
L1-L3 were adjustable in all three dimensions using an XY adjustable lens mount,
mounted on a micrometer translation stage to adjust the lens’ position along the
optical axis, z. The trapping beam slightly overfilled the back aperture of the mi-
croscope objective lens (OBJ). Two fast scanning galvanometer-controlled mirrors
(G1,G2) provide accurate beam positioning and the option to generate multiple,
time-shared traps via PC control. A variable neutral density filter (NDF) was
used to accurately control the laser power and placed immediately before the
back port of the microscope to prevent the high power laser beam from damaging

the filter’s coating.

Microscope optics

The optical arrangement is built around a commercially available Leica [248§]
DM IRB inverted optical microscope; a common arrangement chosen for its ease
of use, integrated style, stability and suitability for biological samples and mea-
surements in low-light level conditions. The microscope has a trinocular head
and two additional ports; back fluorescence and side port, providing significant
flexibility:.

The trapping laser beam entered the back fluorescence port of the micro-
scope and the second half of the beam expander (L4) was contained within the

microscope body itself, approximately 65 mm from the back port entrance.

The illumination beam is provided by a 12V, 100 W halogen bulb with a
tungsten filament. An Edmund Optics [251] dichroic hot mirror (DM), selectively
reflected wavelengths greater than 700 nm whilst transmitting anything below,
therefore transmitting the illumination beam to the visual imaging system and
reflecting the trapping beam upwards to the microscope objective lens for safety
reasons. The microscope objective was an infinity-corrected Zeiss [252] EC Plan
Neofluar oil-immersion objective lens with 100x magnification and numerical
aperture, NA = 1.30 (described in further detail in Section 4.1.1). The condenser
lens was the Leica [248] S70/0.30 which has a free working distance of 70 mm and
NA = 0.30. The thickness of DM dictated that the optical beam height should
be 15.5cm.
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Table 4.1: Focal lengths for all lenses used in the laser tweezing system shown in
Fig. 4.1.

Lens Focal length [mm]
L1 fi 40
L2 fo 40
LASER TWEEZERS L3 1, 60
L4 fa 175
MICROSCOPE OBJ  fob; 1.5
OPTICS CO fco —
VISUAL TRACKING 0.5x TVA -

SYSTEM

It was necessary to ensure the trapping beam was parallel with the microscope
objective’s principal axis, so the optical trap focus coincided with the illumination
optics of the microscope for imaging and tracking. A prism (PM) directs the
trapping and illumination beams to the trinocular head to allow viewing through
the eyepiece and an additional camera can be used for imaging, linking to a TV

monitor for example.

It was possible to block the trapping beam in three places; before reaching
(a) the sample, (b) the tracking system, both achieved using a bandpass filter
(BP), or (c) the trinocular head using a sliding beamsplitter (SL), consisting of
a short pass filter which transmitted < 1% of radiation above 1050 nm, to switch
between 100 % to either the camera or eyepieve (EP), or 50 % to both. For safety,
two additional short pass filters were placed in the eyepieces to protect the user

from harmful laser radiation.

Transverse and axial sample positioning was achieved using a Prior Scien-
tific [253| Proscan motorised translation stage which could either be controlled
manually, using a joystick (not shown), or National Instruments (NI) [254] Lab-
VIEW software. The programs were heavily based on those written by two PhD
students; Tiffany Wood and Amanda Wright [168, 255] and were modified by the

author. Further details of sample positioning are given in Section 4.2.1.
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Visual tracking system

Particles were imaged and tracked in real-time using a CMOS (Complementary
Metal Oxide Semiconductor) camera manufactured by Prosilica [256] and the NI
LabVIEW control software with an Apple Macbook [257]. This is described in
further detail in Section 4.3. When necessary, it was also possible to observe
the sample via the eyepieces at the trinocular head with a colour charge-coupled
device (CCD) camera (Model TK-C1381, JVC) connected to the top port, linked

to a TV monitor.

The remainder of Section 4.1 will discuss the important components of the

system in further detail.

4.1.1 Microscope objective

As mentioned in Section 2.1, in order to optically trap microscopic particles, it is
necessary to expand the trapping beam to slightly overfill the back aperture of the
microscope objective lens to ensure the maximum gradient force is produced at the
centre of the optical trap. Tightly focussing the laser beam creates a significant
portion of rays converging at large angles on the surface of the particle. This
is achieved using a microscope objective lens with a high numerical aperture; a
dimensionless measure of the solid angle over which the objective can collect light,
given by,

NA = n,;sina (4.1)

where « is one-half the angular aperture of the objective and ng; is the refractive
index of the oil between the objective front lens and the coverslip, as shown in
Fig. 4.2. Given that ny = 1.515 as given by the manufacturer [258] and NA =
1.30, a = 59° which corresponds to an angular aperture (or total acceptance

angle) of 2 = 118° where 180° would be the maximum.

The experiments in this thesis use an infinity-corrected Zeiss [252] EC Plan
Neofluar oil-immersion microscope objective lens with 100x magnification and
numerical aperture, NA = 1.30*. It has a working distance of 0.20mm and a
field of view of 25 mm. The transmittance of this objective at a wavelength of
1064 nm is 59 £ 2% [212]. The terms EC, plan and (neo)fluar refer to enhanced

* Now obsolete.
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Np p
Nm Nm
Ne Ne Jfobj
Noil o Noil (8%
—_— —
dr dr
(a) (b)

Figure 4.2: (a) For efficient optical trapping, the diameter of the trapping beam dr
should be expanded to slighly overfill the back aperture of the microscope objective
to produce a sufficient number of rays converging at large angles. (b) The optical
trapping force will be compromised by underfilling the microscope objective and,
due to domination by the scattering force, the particle will be pushed out of the
focus of the optical trap (not shown).

contrast, the total field of view being in focus i.e. a flat field of view, and the
lens elements being made of fluorite or related compounds, respectively [259].
Despite a fluar objective transmitting UV and visible light, and being ideal for

fluorescence microscopy, it works well with this setup.

As described earlier in this chapter, the trapping beam’s diameter dp should
be expanded to slightly overfill the back aperture of the objective, as shown in
Fig. 4.2(a), to ensure the tightest possible optical trap focus is achieved and
provide true three dimensional confinement [36]. To achieve this, lenses L3 and
L4 (Fig. 4.1) comprised a beam expander which expanded the trapping beam by
a factor 2.9.

Figure 4.2(b) illustrates the effect of underfilling the objective lens; reducing
the angle with which trapping rays impinge on the surface of the particle and
thereby reducing the trapping force. If « is not significantly large, the scattering
force Fy..: will dominate and the particle will be pushed out of the optical trap’s

focus.

Higher values of NA allow increasingly oblique rays to enter the objective

front lens, producing a more highly-resolved image. The finest detail that can
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be resolved with the objective is given by the radius of the diffraction-limited
Airy disk, equal to 0.61\/NA. Therefore, a lens with a larger NA will provide
better resolution than that of a lower NA, and also display a brighter image
due to its ability to collect more light. However, high NA lenses have working
distances which restrict optical trapping to tens of microns into the sample in
addition to a reduced depth of field [36]. For this laser tweezing system, if the
trapping beam were being used for imaging, the limit of spatial resolution would
be approximately 500 nm. Imaging with white light limits the spatial resolution to
approximately 200 nm. However, the optimum spatial resolution at the detector
is dictated by the Nyquist limit where the diffraction-limited resolution of the

microscope should be matched to two detector pixels. [259]

4.1.1.1 Refractive index mismatch

With oil-immersion objectives, the immersion oil is index-matched with the glass
coverslip, i.e. ny = n. = 1.515, as well as with the objective lens. However, there
is a refractive index mismatch between the glass coverslip and the host medium
e.g. water n,, = 1.33 which, due to spherical aberrations [260], reduces the quality
of the optical trap focus as trap depth Zt increases. This alters the optical trap
focus such that it reduces the objective’s physical focal length f,,; to an effective

focal length f.q as shown in Fig. 4.3.

As given by Eq. (4.1), the angles to the normal for the rays travelling through

the coverslip and oil «q, and travelling through the host medium «s are given by,

o = sin™? (NA) : (4.2)

Noil

g = sin™! (ﬁ) : (4.3)

Nm
Thus, the combined thickness of the immersion oil and the coverslip is given by

O5dT - ZT tan [6%)
tan oy

{ =

(4.4)

where Fig. 4.3 shows for = ¢ + Zr [260]. Again, as mentioned in Section 3.3,

one may need to consider dispersion, where refractive indices are wavelength
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Figure 4.3: The refractive index mismatch between the combination of coverslip
and immersion oil, ne and nej, respectively, and that of the sample’s host medium,
nm causes spherical aberration of the trapping beam. This acts to elongate the
optical trap focus region and reduce the microscope objective’s actual focal length
to an effective focal length feg.

dependent [243].

The LabVIEW program written to control the microscope translation stage,
StageControl.vi calculates f.g for a given trap depth Zt as described in a previous
PhD thesis by Tiffany Wood [168].

4.1.2 Lateral trap positioning

The lateral position of the optical trap focus could be adjusted using the GSI
Lumonics [261] galvanometer-controlled mirrors, chosen for their high speed, af-
fordability and large deflection angle with a maximum of £50°. Silver mirrors
were attached to each galvanometer which had a diameter of 5mm and with a
reflectance of 98 % at 1064 nm. [255]

Each galvanometer and two lenses comprise a transfer lens sytem which trans-
late the trapping beam in the back focal plane (BFP) of the microscope objective,
creating a lateral displacement of the trap focus in the sample plane. As shown
in Fig. 4.4(a), lenses L1 and L2 create a plane AA which is conjugate to the
plane BB; the microscope objective’s BFP. Angular rotation of G1 located at

AA causes a lateral displacement of the trap focus. The figure also illustrates
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Field of view
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Figure 4.4: (a) Lateral trap positioning where galvanometer-controlled mirrors
(G1,G2) and lenses L1-1.4 create the two conjugate planes AA and BB. (b) Axial
trap positioning where L1 is translated to axially translate the optical trap focus.

that whilst the angle of the rays arriving at BFP are changed, the trapping beam
remains centred on the BFP of the objective. Thus, an angular displacement of
the mirror corresponds to a lateral displacement of the optical trap in the image

plane.

Displacement of the trap focus in  and y can be controlled independently
where G1 and G2 control displacement in y and z, respectively. Hence, Fig. 4.4(a)
corresponds to y trap displacement and a second transfer lens system, comprised
of G2, L3 and 1.4 to create conjugate planes C'C' and DD, corresponds to x trap

displacement.
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4.1.3 Axial trap positioning

The lens system shown in Fig. 4.4(b) allowed for precise control of the axial
position of the optical trap focus. This was especially useful to overcome chro-
matic aberrations which cause the trapping and illumination beams to come to
alternative foci in the sample plane. The magnitude of chromatic aberrations
depends on the lens’ focal length, refractive index, material thickness and radii
of curvature [262, 263].

Lens L1 can be translated backwards or forwards to axially translate the
optical trap focus. The resulting axial translation can be calculated by applying

the thin lens equation as given by

1 1 1
4= 4.5
do * di f ( )
where, if L2 (focal length f = f5) is translated by ¢, the object distance d, = fa+q¢
and the image distance d; = djs is the distance at which an image is created to
produce
1 q
— = 4.6
do  f3 + faq (46)
For the objective lens, f = fobj, do = —(diz — f2) and dop; is the distance at
which the microscope objective creates an image i.e. the translated focal length.

Therefore, Eq. (4.5) becomes

SR (4.7)
dobj fobj diQ - f2 .
and by substituting for di; from Eq. (4.6), Eq. (4.7) becomes
1 2 4 g
_ J2 T oy (4.8)

dobj B fobjf22

As an example, moving .2 backwards, means q is positive and therefore added
to the focal length f5 to form the image distance dij;. So, given that fo = 40mm
and fop; = 1.5mm, for a 10mm backward translation of L2, ¢ = 10mm and
the trap would be focussed at 1.486 mm; a 14 pm decrease of f,;. Instead, for

a forward translation of L2, ¢ would become negative (i.e. subtracted from the
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focal length). And so, for a 10 mm forward translation of L2, ¢ = —10mm and

the trap would be focussed at 1.514 mm i.e. an increase of 14 pum.

4.2 The sample

An isotropic sample consisted of polystyrene (PS) beads purchased from Poly-
Sciences [245] whose diameters ranged between 2 um and 10 pm and with a re-
fractive index of 1.59, as detailed previously in Table 3.3 (p. 99). The beads were
dispersed in distilled, deionised water and the suspension contained within the
cavity of a concave microscope slide, sealed with a coverslip and nail varnish, as
shown in Fig. 4.5. The sample should not have too great a bead concentration
so as to avoid several surrounding beads also being pulled into the optical trap
at high trapping powers. Also, it is necessary to keep particle concentrations

relatively low so as to limit hydrodynamic interactions.

Colloid and water suspension

\ @) \)‘Q Concfa}lvier
Q %Ql Q D A o croscope

) O O A O A slide

/ \Coverslip
Immersion oil Microscope objective

Figure 4.5: An isotropic sample cell contains a suspension of micron sized PS
beads dispersed in distilled, deionised water which is sealed with a coverslip and
nail varnish. The recess of the concave microscope slide had a depth of ~ 350 um
and a diameter of 15-18 mm.

The immersion oil is index-matched to the glass coverslip. Its temperature and
refractive index are inversely proportional as given by the temperature coefficient;
the refractive index change per °C, —dn/dT. It is possible to determine, and
correct for, the refractive index n of a liquid at a given temperature 7} as given
by dn

n't =npT — (T} — To)d—T, (4.9)
where n7° is the refractive index determined at room temperature 7p. In the case

of immersion oil, Ty is typically 23 °C and is stated on manufacturer datasheets [264].

Jennifer Louise Sanders 113



CHAPTER 4: OPTICAL SETUP

This work employed immersion oil manufactured by Cargille [258] whose dn/dT =
—0.00031 in the 15-35 °C range and n% = 1.5150.

4.2.1 Sample positioning

Transverse sample positioning was achieved using a Prior Scientific [253] Proscan
motorised translation stage which could either be controlled manually, using a
joystick, or via computer control. The two stepper motors for the z and y
directions could achieve a linear movement of 2000 um per revolution. FKEach
revolution produced 200 steps, with 250 microsteps per full step. Therefore,
the resolution for both the z and y directions was 50,000 microsteps/rev and
0.04 pm/microstep [255].

Axial sample positioning was adjusted also using Prior Scientific hardware
with the coarse and fine focus of a third stepper motor, controlled via the joystick,
a computer or a focus knob on the side of the microscope. The fine focus of
the axial stepper motor could similarly achieve 50,000 microsteps per revolution.
However, the linear movement is given by the Leica microscope itself, which in
this case is 200 um per revolution. Therefore, the resolution for the z direction is
0.004 pm /microstep [255].

A custom program was written with the LabVIEW interface to control the
speed, acceleration and position of the translation stage and the axial position of
the microscope objective. This program, StageControl.vi, also allowed the user to
measure the stage’s position and trap depth, and apply a displacement function.
The program read out position in user units (uu) where 1uu = 1 um of motion

for all three axes x,y, z.

4.3 Imaging and particle tracking

The position or displacement of a trapped particle can be detected in two different
ways; with imaging and non-imaging techniques. Imaging techniques, such as
using a video or CCD camera, for example, allow observation of the particle’s
position in real time and accurate position measurement once pixel calibration has

been performed. With video based imaging techniques, the position of a trapped
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particle can be determined to within ~5nm or better [53]. Whilst cameras offer
simultaneous multi-particle detection, there is often a discrepancy between the
video acquisition (or frame) rate — typically ~25-120 Hz — and either the optical
trap’s intrinsic bandwidth (~kHz) or the particle’s resonant frequency which
ranges from 10-1000 Hz [53].

The requirements of an optical imaging system are a high numerical aperture
condenser lens to ensure as much of the scattered downstream light is collected
and focussed onto a position sensitive device. The limitations of such a system
are that it can be very expensive and condenser lenses are typically oil-immersion
and therefore, limit the physical size of the sample. In addition, these systems

are particularly sensitive to alignment.

Non-imaging techniques can offer greater accuracy, such as back focal plane
interferometry (BFPI) as described be Gittes and Schmidt [265], which measures
a trapped particle’s lateral and axial displacement by monitoring the far-field
interference pattern created at the BFP of a collecting lens. This pattern is
caused by the trapping laser light interferring with the laser light scattered by the
trapped particle whose intensity is independent of the position of the laser focus
within the sample plane [122, 265]. The same is not true with video microscopy. A
quadrant photodiode (QPD) can be used for multiple tracking of particles which
employ time-sharing of the optical trap, which is not used here. Also, QPDs can
be used if the polarisation of the trapping laser is split to make two traps where
some QPDs are now sensitive to the polarisation of the light they are detecting.
Similarly, it is possible to incorporate more than one trapping laser and QPDs
which are wavelength sensitive can be used for particle tracking. Therefore, each
of these arrangements require the incorporation of more than one QPD into the

system.

Optical and video-based detection modes are often used in tandem to ac-
curately determine position whilst still observing multiple particles, and subse-
quently observing trapping in real-time or to perform mutual calibration. BFPI
is favourable due to its speed and sensitivity with the potential to measure less

than 0.1nm in all three dimensions. [4]

A QPD is characterised by the detector sensitivity, 5, which can be estimated
from an uncalibrated power spectrum, S,(f). For small displacements z, V = fz,

where V is the detector signal, giving 3 in units of Vm~!. The uncalibrated power
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Figure 4.6: Laser tweezing system with an optical tracking system: a second
dichroic mirror (DM2) directs the trapping and illumination beams toward the
quadrant photodiode (QPD) via a focussing lens (L5). The PC collects the inter-
ferometric signal from the QPD. Blue and orange lines indicate those planes which
are conjugate to one another. All other components are as detailed in Fig. 4.1.

spectrum, S,(f) = 82S(f) and 8 can be found by multiplying both sides by f2.
The product f25,(f) reaches a plateau value when f > f. [122].

Initially, this project employed BFPI in a forward-scattering arrangement for
sensitive tracking of individual particles. The optical setup is shown in Fig. 4.6.
The notable difference from Fig. 4.1 is the optical tracking system. The QPD
(TOS8S, Roithner LaserTechnik [266]), consisting of four quadrants of photodiode
active area fabricated on a single chip with a peak responsivity at 900 nm, was
mounted in a cage system and placed in an optical plane conjugate to the sample
plane. The electronics for optical amplification of the QPD signal were relatively
small and housed in a box with the QPD itself. A custom written LabVIEW pro-
gram acquired, displayed and saved the voltage signals produced by the incident
IR light. The collecting objective (CO) in this arrangement was a 50x ULWD
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Olympus MPlan objective [267]. The design and implementation of the QPD is
attributed to Nicholas Roberts.

Data obtained from the QPD were analysed using tweezercalib, a MATLAB [268]
program developed by Hansen et al. [227, 269| used for precise and reliable cal-
ibration and measurement. The program also provided correction for aliasing,
close promixity to surfaces and QPD filtering. The average file size for 10s of
position fluctuation data recorded at a frequency of 50 kHz, with 500,000 samples
per channel was over 6 MB with several files produced per measurement and per
experiment, requiring significant post-processing. This was all compounded by

the disadvantage of only being able to track individual particles.

4.3.1 High-speed video microscopy

Whilst QPDs are traditionally used for particle tracking, using them to track
more than two particles is technically complicated. Video based techniques have
been employed for particle tracking [156, 270] but until fairly recently, video
microscopy offered insufficient bandwidth to reach the trap’s corner frequency
and were, therefore, unsuitable for monitoring Brownian motion. The option of
reducing f. by increasing the medium’s fluid viscosity rarely presents itself and
is often impractical. High speed video cameras, such as low-cost CMOS cameras,
can record the positions of multiple particles in real-time simultaneously, offering
frame rates reaching many kHz by controlling the field of view, with an accuracy

reaching the thermal limit as discussed by Gibson et al. [217].

Tracking of multiple particles is particularly useful for monitoring multiply
trapped particles as in the case of holographic optical tweezers. Unfortunately,
one possible drawback of video-based tracking, when compared with using a
QPD, is achieving accurate axial tracking. However, successful axial tracking
with video-based tracking has been achieved with a number of different meth-
ods including using out-of-focus images of trapped particles [271, 272], a side-on

viewing angle [273] and stereomicroscopy [274].

With a view to extending the laser tweezing system to be able to manipulate
and track multiple particles in microfluidic systems for example, this project sub-
sequently employed high-speed video microscopy (HSVM) for particle tracking as
shown in Fig. 4.1. A CMOS camera imaged and tracked optically trapped par-
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Table 4.2: Important specifications of the now obsolete Prosilica [256] EC 1280
CMOS camera chosen for high-speed video microscopy.

Specification ‘ Value

Resolution 1280x1024

Sensor type 2/3Il CMOS progressive scan

Pixel size (pum) 6.7 X 6.7

Maximum frame rate 24 fps

Lens mount C-mount

Interface type IEEE-1394

Exposure range 10 us to 10s

Region of Interest (ROI) Independept control Qf x and y;
1 pixel resolution

Frame rate at 100x100 ROI 890 fps

Video colour Monochrome

Support NI LabVIEW supported

Ouput Format 8 bits/pixel

Spectral sensitivity range 400-1000 nm

Housing size (LxWxH) (mm) 28x46x33

Weight Mg

ticles in real-time. The Prosilica [256] EC 1280 was connected to an Apple [257]
Macbook via the FireWire 800 port which offers data transfer of up to 800 Mbps.
Some important specifications of the chosen CMOS camera — which, at the time

of writing had become obsolete since purchase — are listed in Table 4.2.

Programs were written in LabVIEW to handle the images acquired from the
CMOS camera; SimpleCam.vi and SimpleAnalysis.vi were used for tracking in-
dividual particles and real-time analysis of particle tracking data, respectively.
It would be relatively straightforward to modify these programs for tracking and

analysing multiple particles.

The bandpass filter placed before the CMOS camera allowed the optical trap
to be visualised e.g. for alignment purposes, eliminated for tracking or calibration

purposes and prevented damaging the CMOS chip.

The arrangement of the CMOS camera with a Leica C-mount 0.5x TV adapter
shown in Fig. 4.1, provided a magnification of ~63x, determined from position
calibration for the CMOS camera (see Section 4.4.1).
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Width x Height Bandwidth -
(pixels) (Hz) /

1280 x 1064 23

100 x 100 400 s
64 x 64 455
40 x 40 500 (Ha, 11y, 02)
16 % 16 533 Figure 4.7: Particle tracking in

LabVIEW: the image shows a user-
selected region of interest (ROI) sur-
rounding the trapped particle to in-
crease frame rate. The program then
terest (ROI). These values com- allows the user to apply of a thresh-
. . old for accurate measurement of the
pare well with that quoted in Ta- . o
ble 4.9 centroid and standard deviation of the

particle image (pz, fty, 02).

Table 4.3: Achievable band-
width given by SimplaeCam.vi
for user-selected regions of in-

For high-speed particle tracking in LabVIEW, the IMAQ Vision Toolkit was
utilised where the user selects a region of interest (ROI) surrounding the trapped
particle as shown in Fig. 4.7. This process can dramatically increase the frame
rate from tens of Hz upto as much as a kHz. Table 4.3 quotes the achievable
bandwidth given by SimpleCam.vi for user-selected tegions of interest. Typi-
cally, experiments were performed with the ROI defined around the edges of the
optically trapped bead (with the ROI area in pixels dependent on particle size).
A bandwidth of ~250Hz and recording times ~ 10s, would produce small data
files; < 500kB. A threshold is then applied to produce a white on dark circular

image of the particle.

Alternative particle tracking algorithms were applied for lateral and axial
tracking. For lateral tracking, the particle’s centre of mass (CoM) co-ordinates
are determined using LabVIEW’s centroid algorithm, found to be superior to edge
detection and circle recognition algorithms. It works by computing the image’s

centre of energy in pixels as given by the following equations;

> (Xp:)
>-(pi)

()
S )

Lz (4.10)

(4.11)
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where X and Y are the pixel co-ordinates from the top left-hand corner of the
image and p; is the pixel value; the numerical value of each 8-bit pixel from 0
(black) to 255 (white). Hence, intensity variation across the thresholded image

of the bead during tracking plays a role.

Initially, an attempt was made to perform axial tracking by calculating a
histogram of positions. However, this was extremely crude and insufficient to

detect Brownian motion.

Axial tracking was improved with quick implementation achieved using a
dynamic-link library (DLL) and line-fitting algorithm which together calculate
the standard deviation of the particle’s image. As suggested by Crocker and
Grier [270], if the particle’s centroid is the mean, the standard deviation is pro-
portional to the size, or defocus, of the particle. Therefore, the standard deviation

of the image is calculated as follows;

0, = \/(Smc - ,uac)2 + (Syy - :uy)Q (412)

where S, and S, are the sum of squares of x and y pixels, respectively [275].

All data are then queued and either saved to file or analysed in real-time.

4.4 Calibration

Position calibration converts position and displacement of a particle in camera
pixels to micrometers. For this work, it was also necessary to perform trapping
power calibration as the power of the trapping beam is accurately controlled using
a variable neutral density filter. This section shall detail the process of position

and trapping power calibration.

The laser tweezing system also needs to be calibrated for trap stiffness with a
variety of methods to choose from. Trap stiffness calibration for the laser tweezing
system employed in this work is presented in Chapter 5, with comparison between

three popular calibration methods.
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4.4.1 Position calibration

Position calibration was performed by moving a bead immobilised on the surface
of a coverslip, due to van der Waals adhesion, a known distance x using the
calibrated translation stage, therefore allowing position in pixels to be converted
to microns. This was performed for the x and y directions in real-time using the

region of interest feature in the LabVIEW program SimpleCam.vi.

Ay Cy
| ROI, | Figure 4.8: For position calibration,

B the user can create a region of inter-
est (ROI) around a bead immoblised
on the surface of the coverslip. The
stage is then translated a known dis-
tance in the x or y direction, and the
ROI then ‘dragged’ on the screen to the
bead’s new location. The difference in
the bead’s initial and final centre point
positions, CP; and CPs, respectively al-
lows pixels to be converted to microns.

As can be seen in Fig. 4.8, a distance z is measured in pixels by calculating
the difference between the centre point of the bead’s initial position CP; and the
bead’s final position CPy = x + CP; where CP; = (z1,7;) and CPy = (9, y2),
which were written into the functionality of the LabVIEW program. The ROI
box could be dragged to ensure its area, in pixels®, remained constant. The

expressions used to calculate z, y and the ROI area are given by

ROIL; = [(C; — A)(D; — B))| (4.13)
€= AQ_Al;FCz_Cl (4.14)
y:BQ_BlgDQ_Dl. (4.15)

The calibration factor for the CMOS camera was 9.33 pixels/um, giving a
magnification M of 63x and a field of view of 137 x 110 um?, where each pixel
represented approximately 107nm x 107nm. The calibration was also verified

using a graticule placed in the sample plane.
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4.4.2 Trapping power calibration

The relationship between the current, I supplied by the laser’s power supply
unit (PSU) and the output laser power P is shown in Fig. 4.9, illustrating a

strong linear relationship.

However, varying trapping power Pt using the laser’s PSU potentially intro-
duces noise, increasing the error on measurements which involve detection of the
trapped bead’s Brownian motion, and can alter the beam properties, including
the Gaussian beam profile necessary for laser tweezers. Therefore, the trapping
power was precisely controlled by translating a variable NDF across the laser
beam. Figure 4.10 shows the relationship between trapping power Pt in mW
at the sample and micrometer translation of the variable NDF. A value of Pt
could be calculated for a given micrometer reading from the equation of the fit-
ted curve or a Matlab program written by the author. The point [ corresponds
to a micrometer reading F, ~ 22mm and therefore Pt ~ 82mW. The point A
corresponds to Pr with no NDF across the trapping beam (F, = Omm) and is

thus, the maximum Pt of the laser tweezing system; 122 &3 mW.

The experimental data in Fig. 4.10 shows some deviation from the expected
relationship, such as slight increases in Pt despite increased translation of the
NDF across the beam. Also, since the NDF had no filtration coatings at F, = 0,
the drop from maximum Pt to the initial ‘filtered” power is unexpected. This
might suggest the NDF is causing beam aberration or perhaps some reflections
within the laser tweezing system due to the angle of the NDF relative to the beam

and optics.

4.5 Heating, drift and noise

For complete calibration, it was important to observe any effect the illumination
and laser beams had on the sample. Position fluctuation data of untrapped beads
were recorded following short and long exposure to both the illumination beam
and laser beam. It was observed that the illumination beam had a negligible effect,
being an incoherent halogen light source. Water has a measurable absorption

at 1064nm; e, = 5.5 x 107*cm™!. In a sample with a depth of 100 um and
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Figure 4.9: Linear relationship between the laser’s output power P and the current
of the laser power supply unit (PSU) I.
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Figure 4.10: Trapping power Pt as a function of micrometer reading for the
variable neutral density filter (NDF) F,. The point [J corresponds to a micrometer
reading of &~ 22mm and therefore, Py =~ 82 mW. The point A corresponds to Pp
with no NDF in place (Fy, = Omm) and is thus, the maximum Pp of the laser
tweezing system; 122 + 3 mW.
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for trapping powers > 100 mW, the temperature of the aqueous suspension will
increase by approximately 1K/100mW [276]. With reference to Fig. 4.10, it is

reasonable to assume the trapping power at the sample did not exceed 140 mW.

As described by Neuman and Block [53], the environment in which laser tweez-
ing experiments are performed can affect the sensitivity, stability and signal-to-
noise ratio (SNR), namely temperature variations, acoustic noise, mechanical
vibrations and air convection. These lead to slow, large-scale drift and low-

frequency vibrations.

Drift within the system can lead to a reduced value of £ due to an increased
positional variance. Correction for drift can be achieved by fitting a third degree
polynominal to the original data and subtracting the polynomial fit to obtain

drift-corrected position data as employed by Osterman [277].

Figure 4.11 illustrates this process using position time series data in the z di-
rection for a 6 um PS bead in water optically trapped with Pt = 65 mW, recorded
using high-speed video microscopy. Drift on the order of 40 nm over 120 seconds
was observed!. The solid line (blue) is the third order polynominal fit to the
original data and the dashed line (black) illustrates the third order polynomial fit
to the drift-corrected data i.e. zero drift. As listed in Table 4.4, this 40 nm drift

introduced a 4 pN/um discrepancy in k.

Table 4.4: Order of magnitude values illustrating how drift leads to an underesti-
mation of k.. In this case, a drift on the order of 40 nm per 120 seconds introduced
a 4 pN/um discrepancy in s, (see Fig. 4.11).

oy = (%) [nm?]  k, [pN/pm]

——  Original with drift 366 11
f—_—— Drift-corrected 271 15

In an effort to minimise the ambient sources of noise, the laser tweezing system
was placed on a floating optical table, all optics were mechanically secured and
placed as close to the optical table as possible to limit resonance and vibration.

All free optics were also enclosed in a light-tight box, to reduce air convection, and

t Please note: lengthy recording times such as 120 seconds would typically be avoided in
order to minimise drift and external vibrations but is used here for illustration, where small
scale drift might still be present on shorter time scales.
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a) Position time series in the x direction for a 6 um PS bead in water

optically trapped with P = 65 mW. The solid line (blue) is the third degree polyno-
mial fit to the original data whilst the dashed line (black) illustrates zero drift. This
polynominal fit is subtracted from the original data to obtain drift-corrected data
(light blue overlaid). (b) Drift affects the associated Gaussian distribution, showing
an increased positional variance and therefore, an underestimated trap stiffness as

given in Table 4.

4 (p. 124).
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power supplies, computing and heat sources were located away from the table,
e.g. on an overhead shelf or unconnected table. The laboratory in which the

experiments were performed was thermostatically controlled between 21-23°C.

4.6 Summary

This chapter has described the design and implementation of the laser tweezing
system used for the work in this thesis. The main components of the laser tweezing
system were discussed, including the optical setup, the sample, and imaging and
particle tracking. This was followed by descriptions of position and trapping
power calibration with associated quantities, and the effect of heating, drift and

noise has been discussed.
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Chapter 5

Laser Tweezing in Isotropic and

Simple Systems

Prior to performing experiments in anisotropic, liquid crystal systems, it was
important to characterise the laser tweezers in isotropic and simple systems. This
chapter is split into two sections; trap stiffness calibration and investigation of

factors affecting lateral and axial tweezing.

Firstly, the chapter presents and compares the results from three different
methods of calibration. Experiments were then conducted to investigate the effect
specific factors have on the lateral and axial trap stiffness, such as a particle’s
proximity to a surface, spherical aberration of the optical trap focus, and particle

size and refractive index. The properties of the sample chamber are also discussed.

All results in this, and subsequent chapters, employed the laser tweezing sys-
tem shown in Fig. 4.1, which uses high-speed video microscopy to perform particle

tracking.

5.1 Trap stiffness calibration

Trap stiffness calibration can be achieved by recording and analysing an optically
trapped particle’s position, either in the time or frequency domain. This can
either be performed using passive or active techniques where a range of options

exist. These include analysis of a trapped particle’s Brownian motion, equipar-
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tition of energy and associated power spectra, and performing viscous drag force
measurements [53, 278, 279).

Performing viscous drag force measurements allows calibration to be achieved
relative to either stage or trap motion whilst bead immobilsation facilitates cal-
ibration relative to stage motion. Both Brownian motion analysis and viscous
drag force measurements are valid only for spherical objects requiring particle
diameter and viscosity of the host medium to be known a priori [135]. Equipar-
tition theory is often used in combination with Brownian motion analysis in order
to eliminate this requirement, as well as particle shape and depth within the sam-
ple, in order to calibrate trap stiffness. However, these characteristics will still
have an effect on the calibration and their exclusion may produce results which

are not truly representative of the trap characteristics [53].

Trap stiffnesses in the x, y and z directions were calibrated using (a) the
equipartition (EQ) method, (b) the viscous drag (VD) force method and (c) the
PSD method, whilst varying the power of the trapping laser beam. The trapping
power Pt was precisely controlled by translating a variable NDF across the laser
beam, the calibration for which is given in Section 4.4.2. The three methods used
for trap stiffness measurements are described in the following three subsections.
All calibration methods use 6 um PS beads suspended in water to allow for direct

comparison.

5.1.1 Equipartition method

The equipartition (EQ) method is a passive technique often used to perform trap
stiffness calibration by recording and analysing an optically trapped particle’s
position as a function of time. It is then possible to determine trap stiffness « as
described in Section 2.2.2. Calculation of x can be made using either Eq. (2.7)
where the variance (z?) is determined from the particle’s trajectory, by fitting a
Gaussian to the histogram of positions as given by Eq. (2.12) or, finally, by fitting
a parabola to the optical potential U(z) as given by Eq. (2.10) ideally to the 1o

harmonic region.

Trajectories for a range of trapping powers Pt were acquired with a recording
time of 10s and k calculated in three dimensions as described in the paragraph

above. All data were an average of three measurements and corrected for drift
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Figure 5.1: Trajectories of a 6 um PS bead held in a strong (A, Py = 122mW)
and weak (B, Py = 10mW) optical trap. Offsets have been applied to the y and z
trajectories, respectively, to visually differentiate their traces. Also shown are the

associated histogram of positions and Gaussian fit for the strong (C) and weak trap
(D).

as described in Section 4.5. Each bead was trapped at a constant trap depth
Zr = 25 um. Figure 5.1 shows the trajectory of a 6 um PS in three dimensions
and the associated Gaussian distributions when held in a strong and weak optical
trap; Pr = 122mW (top) and Py = 10mW (bottom), respectively.

As described in Section 2.2.2, for large displacements of the bead from the
centre of the optical trap, the potential U is no longer harmonic and a Gaussian
distribution is insufficient to describe it. Therefore, to determine x in the har-
monic region, the parabolic fit to the potential data is confined to +10 as shown
by the solid lines in Fig. 5.2.

For comparison, the trap stiffness in all three dimensions using the three
methods of analysis of the particle trajectory for the EQ method are summarised
in Table 5.1. In general, k tends to be overestimated by calculating the variance
from the particle’s trajectory, and underestimated by fitting a Gaussian to the
histogram of positions. The average value of x from all three methods is very

close to that obtained from fitting to the +10 region of the optical potential.

Figure 5.3 shows the linear relationship between x and Pt in three dimensions.

Each value of k is calculated from the optical potential well and is an average of
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Figure 5.2: Optical potential well for a strong (A) and weak (B) trap, associated
with the trajectories and Gaussian distributions shown in Fig. 5.1. The solid lines
represent the parabolic fit to the harmonic region (+10).

three measurements. Trapping power Pr is calculated using the relation between

laser beam power and the position of the neutral density filter (Fig. 4.10). The

difference in lateral and axial trap stiffnesses is clear, where x, > K, > k.. Values

of trap stiffness per unit P for each dimension (i.e. gradient and associated error)

are given in Table 5.2 (p. 137) which compares the three different trap stiffness

calibration methods.

Table 5.1: Trap stiffness values in all three dimensions calculated using different
statistical analysis methods applied to data obtained with the EQ method (Fig. 5.1).

Pr [mW] Analysis method &, [pN/um| £, [pN/pum| &, [pN/pm]
Trajectory 21.7 17.0 6.6
122 Gaussian fit 19.1 18.0 6.7
Potential fit (£10) 21.0 20.3 6.7
Trajectory 2.0 1.8 1.1
10 Gaussian fit 1.6 1.5 1.0
Potential fit (£10) 2.1 1.8 1.0
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Figure 5.3: Linear relationship between k and trapping power Pt in all three di-
mensions using data obtained with the EQ method. One can observe the difference
in lateral and axial trap stiffness such that s, > ky, > k.. Values of trap stiffness
per unit Pp for each dimension (i.e. gradient and associated error) are given in
Table 5.2 (p. 137).

5.1.2 Viscous drag method

Since the EQ method is a passive method of calibration, the trapped bead can
escape from the optical trap and be recaptured during acquisition, which can lead
to anomalous values for k. Therefore, it is advantageous to compare trap stiff-
ness values with an active method of calibration, such as the viscous drag (VD)
method.

A known Stokes’ viscous drag force Fg was applied to optically trapped 6 pm
PS beads by oscillating the translation stage with a periodic displacement wave
function of constant amplitude A = 50 um. Varying the oscillation frequency w
of the displacement function varied the viscous drag speed v and thus, varied
Fg. This method is equivalent to translating the trapped particle whilst the

surrounding medium remains stationary.

A triangular displacement function was employed in this work, which pro-
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duces a square wave of particle displacement and applied force. A sinusoidal
displacement function also works well, corresponding to a cosine wave of particle

displacement and force [54].

The bead’s displacement x and y from the optical trap centre was measured
for a range of Pp. This allowed determination of the trap stiffness x, where
bead displacement and the optical restoring force Fr are directly proportional;

Fr = kx, as described previously in Section 2.2.1.

This method can also be used to perform calibration of trapping force by
calculating the viscous drag force required to remove the bead from the optical
trap as a function of Pp. This is referred to as the escape force method and is
advantageous in a laser tweezing system devoid of calibrated position detection.
It is important to note however, that escape forces relate to properties at the
extremities of the optical trap, where the relationship between optical restoring
force and displacement becomes non-linear [54]. As such, it is non-trivial to

determine trap stiffnesses using the escape force method.

The LabVIEW program StageControl.vi was used to apply the displacement
functions, which is based on a LabVIEW program written by Tiffany Wood as
part of a previous PhD project using laser tweezers [168|. The program was
modified by the author to record the position of the translation stage during
the displacement function, specifically after each pass. This provided a direct

measure of the response of the translation stage to the commands issued.

Oscillation frequencies were varied between 0.1 and 4 Hz, with increments of
0.1 Hz possible, offering viscous drag speeds between 5 um/s and 200 pm/s. This
corresponds to a viscous drag force range of 0.25 — 10pN for a 6 um PS bead.
Whilst this range would likely prove insufficient for experiments involving the
escape velocity of a trapped particle, specifically at high powers, it was sufficient
here in order to measure particle displacement as a function of applied viscous

drag forces.

Figure 5.4 shows the y position of a 6 um PS bead with a displacement function
of w = 2 Hz applied to the translation stage in the y direction. This displacement
function corresponds to a viscous drag force Fg = 2.54pN. The PS bead is
optically trapped at Pt = 65 mW and a trap depth Zt = 25 um. The plot shows
the raw data (light red), the smoothed data after Savitzky-Golay filtering in
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Bead displacement y [nm]

Time ¢ [s]

Figure 5.4: Displacement of a 6 um PS bead optically trapped at P = 65 mW
with an oscillation frequency w = 2 Hz displacement function applied to the transla-
tion stage in the y direction. This corresponds to a viscous drag force Fg = 2.54 pN.
The plot shows the raw data (light red), the smoothed data (red overlaid) after
Savitzky-Golay filtering in Matlab [232], and the average positive and negative y
displacement (dash-dot black).

Matlab [232] (red overlaid) and the average positive and negative y displacement
(dash-dot black).

The linear relationship between viscous drag force Fg and bead displacement

can be seen in Fig. 5.5 for two trapping powers; (a) 122mW and (b) 65 mW.
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Figure 5.5: The relationship between viscous drag force Fg and particle displace-
ment in the x and y directions for two different trapping powers Pp; (a) 122mW
and (b) 65 mW.

Finally, Fig. 5.6 shows the linear relationship between trap stiffness x and

trapping power Pt in the x and y directions with data acquired with the VD

method. The values of trap stiffness per unit Pt for each dimension (i.e. gradient
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Figure 5.6: Linear relationship between trap stiffness x and trapping power Pt for
the x and y direction. Data were acquired with the viscous drag (VD) method and
values of trap stiffness per unit Py for each dimension (i.e. gradient and associated
error) are given in Table 5.2 (p. 137).

and associated error) are given in Table 5.2 (p. 137).

Viscous drag force calibration in the axial direction is less straightforward.
The particle may escape from the optical trap with negative axial trap displace-
ment and then be recaptured upon return of the trap in the positive axial direc-
tion. In addition, axial trapping in an inverted arrangement is aided by the force
due to gravity. Two previous PhD projects applied a viscous drag force in the
axial direction whilst simultaneously translating the optical trap in the lateral
plane to prevent the bead being recaptured [168, 255|. Unfortunately, viscous
drag force measurements were not obtained for the axial direction in this project.
However, viscous drag calibration in the x and y directions show good agreement
with the passive methods of calibration (see Table 5.2, p. 137).
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5.1.3 PSD method

Another passive method of trap stiffness calibration involves analysing the po-
sition of an optically trapped particle in the frequency domain. As described
in Section 2.2.3, the Fourier transform of the particle’s Brownian motion within
the optical trap allows the trap stiffness to be determined from the characteristic

roll-off frequency f. of the power spectrum, as given in Eq. (2.17).

Position fluctuation data of an optically trapped 6 um PS bead were recorded
whilst varying Pt to calculate f. and, thus, s in three dimensions. This was
achieved with real-time PSD analysis using the LabVIEW program SimpleAnaly-
sis.vi* which obtains f, from the Lorentzian fit to the Fourier transformed position

fluctuation data.

The program also calculates the viscosity n of the medium surrounding the
particle using Eq. (2.20) following user-input of the trapped particle’s radius.
The calculation of 7 relies on the fact that at correlation time 7 = 0, the ACF
in Eq. (2.21) reduces to (x?), as described in Section 2.2.4. Finally, the program
provided the option to apply a time averaging filter to the power spectrum and
the author modified the program further to export the resulting PSD data and

associated Lorentzian fit for x, y and 2z to a tab delimited text file.

Figure 5.7 shows the PSD for a 6 um PS bead suspended in water optically
trapped at P = 65 mW and Zr = 25 um. The data and associated Lorentzian fit
in each dimension are averaged over at least 50 scans. The figure illustrates the
direct proportionality between s and f. in agreement with Eq. (2.17). Thus, the
relative values of the corner frequency in each dimension show that x, > k, > k.,

which is in agreement with the previous two calibration methods.

The raw data in Fig. 5.7 show some deviation from the theoretical fit at
low frequencies which can be attributed to laser noise, low-frequency drift and
any heating in the sample. Deviations at higher frequencies are associated with
vibrational noise, aliasing effects, and motion blur due to the limited bandwidth
of the CMOS camera [222].

* Written with the help of R. Bowman and largely based on programs written by the Optics
Research Group at The University of Glasgow, which are available for public download,
URL: www.gla.ac.uk/schools/physics/research/groups/optics/research/optical
tweezers/software/ [275].
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Figure 5.7: Power spectral density S(f) for a 6 um PS bead optically trapped at
Pr = 65mW and Zt = 25 um. Trap stiffness x and corner frequency f. are directly
proportional as given by Eq. (2.17) thus, illustrating k, > ky > k..
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Figure 5.8: Linear relationship between trap stiffness x and trapping power Pp in
all three dimensions determined using the PSD method. The second vertical axis
shows the linear relationship between f. and Pr. The plot illustrates the differences
in lateral trap stiffness; xk; > Ky > .. Values of trap stiffness per unit Pt for each
dimension (i.e. gradient and associated error) are given in Table 5.2 (p. 137).
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The expected linear relationship between Pt and « in all three dimensions is
shown in Fig. 5.8. The data were obtained using the PSD method and each data
point corresponds to an f. value obtained from a Lorenztian fit averaged over
~50 scans. Values of trap stiffness per unit Pt for each dimension (i.e. gradient

and associated error) are given in Table 5.2 (p. 137).

5.1.4 Trap stiffness calibration summary

Trap stiffness calibration for the laser tweezing system was performed using three
different methods; equipartition, viscous drag and PSD analysis. Values of trap
stiffness per unit trapping power Py for all three dimensions are given in Table 5.2,
with the exception of the VD method which was determined in the lateral dimen-
sions only. These values correspond to the gradient and associated error from

Figs. 5.3, 5.6 and 5.8. All values are statistically consistent.

Table 5.2: Comparison of trap stiffnesses per unit trapping power for each cali-
bration method; equipartition (EQ), viscous drag (VD) and power spectral density
(PSD) analysis. All values are statistically consistent with one another.

Trap stiffness [pN/pum mW]|

Method
Hz/PT /{y/PT HZ/PT

EQ 0.175 £ 0.004 0.160 £ 0.004 0.065 = 0.002
VD 0.163 £ 0.003 0.146 £ 0.003 —
PSD 0.180 &= 0.005 0.154 £ 0.004 0.062 £ 0.002

5.2 Factors affecting laser tweezing in three di-

mensions

As detailed in Chapter 4, development of the laser tweezing system allowed accu-
rate particle tracking in the axial direction in addition to the lateral directions,
using high-speed video microscopy. This provided the opportunity to characterise
the laser tweezing system in all three dimensions where a selection of factors were

investigated and shall be described in this section.
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Firstly, the effect due to the proximity of a surface to the trapped particle and
the application of Faxén’s Law is investigated. This is followed by studying the
effect due to spherical aberrations of the optical trap focus. Finally, the particle’s
size and refractive index is studied and the effect of the sample chamber properties

is discussed.

5.2.1 Particle’s proximity to a surface

As described in Section 2.3, the viscous drag force felt by a particle increases due
to the close proximity of a surface, such as the coverslip. It is possible to apply a
correction to the viscous drag coefficient v, as given by Stokes’ Law, to account
for the proximity of one wall, known as Faxén’s correction. Equations (2.28)
and (2.29) can be used to calculate the corrected viscous drag coefficient in both
the lateral and axial directions; 7| and ~y, respectively, which are a function of

particle radius r and trap depth Zr.

All plots in Section 5.1 and the values quoted in Table 5.2 are calculated
using v given by Stokes’ Law, i.e. excluding any effect due to the proximity of

the coverslip. This subsection aims to quantify this effect.

Trap stiffnesses for a 6 um PS bead suspended in water were calculated using
the PSD method as described in Section 5.1.2. The trapping power Pr was held
constant at 65 mW whilst varying trap depth Zrt between 3 and 40 um. The
dependence of trap stiffness on Zr for the lateral and axial directions is shown
in Fig. 5.9. Figures 5.9(a) and (b) illustrate the difference in x when calculated
using v from Stokes’ Law or using 7y and 7, from Faxén’s Law. Each data point
in both figures is an average of three measurements and the x and y directions
have been averaged together in Fig. 5.9(a). Values of x at small trap depths have

a greater error due to v and v, having a strong dependence on r and Zr [280].

In Fig. 5.9, the effect of the coverslip’s proximity on x can be seen in the
data determined using Stokes’ Law. At trap depths Zr < 10 um, the particle
experiences a weaker trap stiffness. Using Faxén’s Law to determine x evaluates
the trap stiffness the particle would experience if the coverslip had no effect. At
Zp = 5 um, trap stiffness in the lateral and axial directions increases by 51% and
191%, respectively. The 3-fold increase in r. seems particularly high and as the

axial trap stiffness is weaker than the lateral trap stiffness — on the order of 4
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Figure 5.9: The dependence of trap stiffness  on trap depth Zp in the (a) lateral
and (b) axial directions. Here, s has either been calculated using Stokes’ viscous
drag coefficient v or those with Faxén’s correction for coverslip proximity in the
lateral and axial direction, 7y and v, respectively. Data were obtained using the
PSD method and each point is an average of three measurements
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times weaker — perhaps Faxén’s Law is accounting for effects other than those

due to the proximity of the coverslip.

The other effect to note in Figs. 5.9(a) and (b) is the decrease in trap stiffness
at Zr 2 12um. This is attributed to spherical aberrations of the optical trap

and an attempt is made to quantify this effect in Section 5.2.2.

5.2.2 Spherical aberrations

Laser tweezing experiments are usually performed at large trap depths in order to
limit the effect of coverslip proximity, as described in Section 5.2.1, and to prevent
the particle adhering to the coverslip. However, as described in Section 4.1.1.1,
when using high NA oil-immersion objectives, the trapping beam experiences
spherical aberration due to the refractive index mismatch between the immersion
oil and the trapping sample’s host medium, typically water. This effect, shown
in Fig. 4.3, increases with trap depth and affects the trap stiffness, and thus the

optical trapping force.

Vermeulen et al. demonstrated lateral and axial stiffness with no depen-
dence on trap depth for 2um silica and polystyrene particles when trapping
with a water-immersion objective, compared with a strong dependence for an
oil-immersion objective. There are no spherical aberrations present when using a
water-immersion objective because refraction of the beam at both the water-glass

and glass-water interfaces has a compensatory effect |280].

As shown in Section 5.2.1, a reduction in the lateral and axial trap stiffnesses
at small trap depths is observed due to the increased viscous drag close to the
coverslip. However, despite accounting for this with Faxen’s correction, a steady,
continual drop in lateral and axial trap stiffness is observed for trap depths Zt 2>

10 um. This decrease is attributed to spherical aberration of the optical trap.

The effect due to spherical aberrations can be clearly seen in Fig. 5.10. The
plots show the position distribution of a 6um PS bead suspended in water and
optically trapped at Pr = 65mW for two different trap depths; Zr = 10 um
and Zr = 40 um. The reduction in lateral trap stiffnesses with increasing Zr is
observed in Fig. 5.10(a), where an increased standard deviation o, is observed.

This agrees with an even broadening of the trap focus in the lateral plane.
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Figure 5.10: Position distributions of a 6 um PS bead suspended in water and
optically trapped at Py = 65 mW recorded at two different trap depths; Zt = 10 um
and Zp = 40 um. Increased standard deviations illustrate (a) an even broadening
of the optical trap focus in the lateral direction and (b),(c) a significantly elongated
optical trap focus in the axial direction.

The increased standard deviation o, leading to a reduced k, is far more pro-
nounced than in the lateral directions. The elongated focus in the axial direction
created due to spherical aberrations is apparent in Figs. 5.10(b) and (c), which

show a side view of the position distribution from x and y, respectively.

An attempt was made to quantify the effect due to spherical aberrations.

Figure 5.11 shows a linear fit to the axial and lateral trap stiffnesses for Zt >
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Figure 5.11: Lateral and axial trap stiffnesses; ks, (red squares) and &, (purple
diamonds) calculated using Faxén’s Law as a function of trap depth Zr. Thus, the
data shown is the corrected data from Fig. 5.9. The dashed lines represent a linear
decrease in stiffness due to spherical aberration of the optical trap focus. They
correspond to a 42 % and 75 % drop in Ky and k., respectively.

10 pm after Faxén’s correction has been applied to the data (Fig. 5.9). Between
trap depths of 10 and 40 pm, the linear fits indicate a 42 % drop in k,,, with a
75% drop in k,. This corresponds to a linear decrease of 1.4% and 2.5% per

micron of trap depth in k., and &, respectively.

These values are in good agreement with those published in the literature,
including a linear decrease of 1.6 %/um, and a 1.76 %/pm [280], although this is
1.5 times less than the linear decrease indicated in this work, it is of the right

order of magnitude.

Dienerowitz et al. illustrated that 15 order spherical aberrations created when
using a high NA oil-immersion objective lens can be compensated for using aber-
ration correction with an SLM. They increased the trap stiffness by a factor of
3 and maintained a constant trap stiffness over a range of 50 um into the sam-
ple |281].
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5.2.3 Sample chamber properties

Fabricated liquid crystal cells are significantly thinner than isotropic samples; on
the order of 2540 um compared with ~350 pm. As discussed in Section 5.2.1,
the particle’s proximity to the coverslip surface acts to increase the viscous drag
experienced by the particle and thus, a reduction in trap stiffness is observed in
both the lateral and axial directions. Therefore, it was necessary to consider if
the particle being in close proximity to both coverslip surfaces had any effect on

the trap stiffness.

A LC cell is comprised of two coverslips sandwiched together, therefore the
area available for tweezing remained constant at 18 x18 mm. To minimise the
effect of the boundary wall provided by the spacers, tweezing was performed well

away from the edge of the coverslip.

Faxén’s Law corrects for the proximity of a single surface only (Egs. (2.28)
and (2.29)). However, Felgner et al. [231] employed the reflection method to
derive an expression for the modification of Stokes’ viscous drag coefficient due

to the proximity of two surfaces;

o (1 1
=1+ - 1
TR 7( +16{ZT h—ZT}) (5.1)

where h is the thickness of the sample chamber, and Zt and r have their usual

definitions of trap depth and particle radius.

In the case of sample chambers with a small thickness, it is not possible
to reduce the effect due to the coverslip surface(s). Therefore, one may consider
accounting for their effect by calculating the viscous drag coefficient directly from
Eq. (5.1).

5.2.4 Particle size

Trap stiffness is dependent on the size of the optically trapped particle. Since
laser tweezing experiments in anisotropic systems employ particle’s of differing
size, it was important to investigate any effect this may have on the trap stiffness

in an isotropic system.
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For larger particles, i.e. those with diameter d > \, a decrease in trap stiffness
proportional to the inverse of the radius r ! is expected. This is because, although
maximum trapping force is independent of particle size, the trapping rays cover a
larger distance. Therefore, a larger bead must traverse a larger distance in order
to produce the same force as that of a smaller bead. Comparatively, particles in
the Rayleigh regime, where d < ), stiffness is expected to rise with increasing

diameter with the increase proportional to r* |56, 230).

Trap stiffnesses in the lateral and axial directions were determined using the
PSD method for a range of PS beads suspended in water. The beads were op-
tically trapped at a constant Zp = 25 um. Figure 5.12 shows the variation in
Kzy and k. per unit trapping power Pp with increasing particle radius. Each

data point is an average of three measurements where x, and x, have also been

averaged together.
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Figure 5.12: Lateral and axial trap stiffnesses as a function of particle radius for
PS beads, where each data point is an average of three measurements. The dashed
lines are a least squares curve fit to the data corresponding to the geometrical
optics (GO) regime where x oc 7~1. Error bars are plotted if larger than the points
themselves. The light grey and green areas correspond to the standard error of the

least squares curve fit. Errors in 7 are those quoted by the manufacturer (Table 3.3,
p. 99).

The dashed lines in Fig. 5.12 are the least squares curve fits to the data

and correspond to the geometrical optics (GO) regime. The decrease in &y, and
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k. closely resembles the expected nonlinear decrease proportional to r—! where
Key = 0.45pN/um mW and x, = 12pN/um mW per micron of particle radius.
This is also in good agreement with the literature. Viana et al. [282] measured
the axial trap stiffness per local power using optical tweezers, where Brownian
motion time decay values from the ACF were used to calculate trap stiffness.
They also observed an asymptotic relationship between x and r following the

geometrical optics model.

Although the drop is nonlinear, the data in Fig. 5.12 shows a 66 % and 54 %
drop in kg, and k., respectively, over the range of radii. Comparatively, both
the fits indicate the same 68 % drop in both k., and k. over the range of radii
measured. There appears to be a weaker dependence of k on r found in this work
than previously reported [282] and in comparison, one would expect a higher
value for the r = 1.45um PS bead in Fig. 5.12. This suggests the system is
underestimating x due to an underestimation of f.; a consequence of noise within

the system, such as optical misalignment, which the power spectrum is sensitive
to [53, 118].

5.2.5 Particle refractive index

As explained in Section 2.1.1, for successful optical trapping, the criterion between
particle refractive index n, and medium refractive index n,; n, > n,, should
be satisfied. In a system where water is the medium surrounding the trapped
particle, typical laser tweezing experiments employ polystyrene or silica as the
probe bead. Polystyrene particles are favourable since they produce the larger

difference between n, and n,,, thereby exerting a greater trapping force.

Measurements of ., and x, for a 10 pm (nominal) SC bead were comparable
with values for a PS bead of the same size. With an increase in n, of 0.03 from
SC (n, = 1.56) to PS (n, = 1.59), values indicated an 11 % and 17 % increase
in Kz, and k,, respectively. This increase in s for increasing n, is as expected in
accordance with Eq. (2.30).

However, the range investigated here is insufficient to provide conclusive evi-
dence of the change in x due to n,. Determining the change in £ over SC beads
with a range of radii would provide a more precise method of investigating how

trap stiffness changes as a function of n,. Also, the range studied should be larger
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with options including soda lime glass beads (n, = 1.51), SiO,-coated PS beads
(n, = 1.45) and plain silica beads (n, = 1.37) [283].

5.3 Summary

This chapter details the characterisation of the laser tweezing system in isotropic
and simple systems beginning first with trap stiffness calibration, where three
different techniques are compared; equipartition, viscous drag and PSD. Also
given are results which investigate the factors affecting lateral and axial trap

stiffnesses.

Each of the three calibration methods employed achieve good accuracy and
are consistent. The VD method shows slightly improved accuracy compared with
the EQ and PSD methods as they are passive methods of calibration. Since it is
in the frequency domain, the PSD method is superior as it provides more details

about the particle’s motion and thus, the properties of the optical trap.

In addition, the PSD method, in conjunction with real-time analysis, provides
a fast, visual measure of the trap strength. It allows immediate observation of
any factors affecting the trap, such as aliasing, motion blur, or vibrational and
instrument noise which induce additional peaks in the power spectra. Also, any
mis-alignment in the optical trap or particle detection produces non-Lorentzian
power spectra [53|. The calibration values detailed herein apply to the results in

the remainder of the thesis, unless otherwise stated.

Experiments were conducted to investigate factors which affect the lateral and
axial trap stiffness and an effort made to quantify them for this laser tweezing
system. Both the lateral and axial trap stiffness was found to decrease with
increasing proximity to a surface, significantly so as the trap depth approaches

the radius of the trapped particle.

Similarly, the refractive index mismatch between the surrounding medium
and the glass coverslip induced aberrations in the optical trap focus, whose effect
increased with increasing trap depth. This was found to occur more strongly in
the axial direction than the lateral direction. It was decided that Zt between 10
and 15 um provided a sufficient separation between the particle and the cover-

slip to minimise surface effects whilst also minimising the effect due to spherical
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aberrations. From this point onwards, any calulations involving the viscous drag
coefficient will calculate the value directly from Eqs. (2.28) and (2.29) in order
to account for surface effects. There will be no correction applied for spherical

aberrations.

In the case of LC cells, where the average cell thickness h was between 20—
40 um, the particle will experience an increased viscous drag force due to the
proximity of both surfaces. It is expected that the particle will also feel the same

effects due to spherical aberration of the optical trap focus as in larger cells.

Finally, the properties of the particle were considered, namely the particle’s
size and refractive index. It was found that the lateral and axial trap stiffness
decreased with increasing particle radii, with a decrease proportional to r~!, as
expected. Measurements of lateral and axial trap stiffnesses for a PS and SC
bead of approximately the same radius indicated an increase in stiffness with

increasing particle refractive index; i.e. increased trap stiffnesses for the PS bead.

Jennifer Louise Sanders 147



Chapter 6

Laser Tweezing in Water—Glycerol

Mixtures

The study of a material’s flow or deformation using microscopic particles, also
known as microrheology, has seen increased interest in recent years. The field ex-
amine’s the viscoelastic properties of complex fluids in order to better understand

and characterise them.

Laser tweezers are often employed to study viscoelastic behaviour since they
permit localised investigation in as little as picolitres of fluid. Microrheologi-
cal techniques can be divided into two main types; passive and active. Passive
microrheology observes the free motion of probe particles, whilst active microrhe-

ology observes their motion under the application of an external driving force.

It is possible to characterise simple and purely viscous fluids, such as water
and glycerol, by their viscosity. Glycerol, for example, exhibits Newtonian fluid
behaviour due to the short polymer chains present [77, 225]. With the addition of

water, glycerol (bulk viscosity ~1.4 Pas) becomes significantly less viscous [284].

The relationship between viscosity and glycerol content in water—glycerol
(WG) mixtures has been well characterised. Cheng [285] developed an empir-
ical formula to calculate the viscosity of WG mixtures for varying temperatures
and concentrations of glycerol. More recently, Trejo Gonzalez, Longinotti and
Corti [286] collated data and described a range of models for predicting and de-
termining the viscosity of WG mixtures, specifically in the supercooled region
(< 273K).
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Laser tweezers have been used to study the viscosity of WG mixtures with
varying glycerol concentration. Parkin et al. [77] employed optically rotating
particles using microlitres of mixture whilst Guzméan et al. [287] measured the
power spectral density of optically trapped particles under the application of
an oscillatory viscous drag force. Brau et al. [284] also used an active method;
observation of an optically trapped bead’s motion whilst it experiences a viscous
drag force. However, they kept their analysis of the WG mixtures in the time

domain.

To further test the capabilities of the system reported here, laser tweezing
experiments were performed in WG mixtures in order to probe microscopic vis-
cosity. Crucial to this method is accurate position calibration since all methods
rely on observation of the particle’s position relative to the centre of the optical

trap.

6.1 Theoretical calculations

As described by Cheng [285], the dynamic viscosity of a water—glycerol mixture
Nwe 15 Telated to the dynamic viscosity of the water and glycerol components; 7,
and 7, respectively

Twg = MsTly ¢ (6.1)
where the weighting factor ¢ varies between 0 and 1. Equation (6.1) can also be

rewritten as
Thwg = Tlg eXP(AC) (6-2)

where A = In(ny /7).

Cheng also derived an expression for calculating ¢ as a function of mass frac-

tion @, and temperature T' (here in °C);

a(T)b(T)(1 — Bp) P
a(T) B, + b(T)(1 — Dr)

(=1-—0,+ (6.3)

with coefficients a = 0.705 — 0.00177 and b = (4.9 + 0.0367")a*°. Therefore, in
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order to calculate A as given in Eq. (6.2), one must calculate 7, and 7, as follows;

(—1230 — T)T
w = 1.790 6.4
" P ( 36100 + 3607 (6.4)
(—1233 + T)T
— 12100 6.5
e P ( 9900 + 70T (6.5)

and in order to calculate &, it is necessary to calculate the mass of water and
glycerol, m,, and ms, respectively. This begins by calculating the temperature

dependent densities of water and glycerol as follows

T —4|""
pg = 1277 — 0.654T (6.7)

which can be combined with the volume of water and glycerol, Vi, and Vj, to
determine m,, and mg. Thus,
mg PsVe

P, = _
Mg + My PgVe + pwVy

(6.8)

and the percentage by weight (% w/w) is simply ®,, multiplied by 100. The

density of the WG mixture can be evaluated as

Pwg = PgPm + pw(l - CI)m)v (6'9)

and the kinematic viscosity of the WG mixture is then vy, = Nwg/pwe-

6.2 Sample preparation

Water—glycerol mixtures were prepared by diluting anhydrous glycerol (> 99%
C3H5(OH)s, Sigma-Aldrich [288]) in distilled water to produce four concentra-
tions; 10%, 25%, 50% and 75% (w/w). The solutions were mixed using an
ultrasonic bath. Dried polystyrene beads with a diameter of 6 um were added to
each WG mixture to produce relatively low bead concentrations, on the order of
5% solids by weight.
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A small amount of each WG mixture was used to create a sample in the same
way as the isotropic samples (Fig. 4.5). Thus, they had an area of 18x18 mm
and a depth ~ 350 um.

6.3 Microviscometry

The laser tweezing system (Fig. 4.1) was used as a microviscometer, by applying
both active and passive techniques to determine the dynamic viscosity in WG

mixtures of varying glycerol concentration.

It was first of all necessary to determine the trap stiffness x in each of the
WG mixtures using a technique which does not require its viscosity to be known
a priori [284]. The EQ method was used to record the position of optically
trapped particles in each of the WG mixtures at a range of Pp. Trap stiffness is

then calculated from the equipartition of energy theorem (Eq. (2.7)).

All experiments were performed at a constant trap depth Zt = 10 um so as to
minimise the effects due to the proximity of the coverslip and spherical aberration

of the optical trap focus as discussed in Sections 5.2.1 and 5.2.2.

6.3.1 Active microviscometry

The viscosity of a fluid can be measured using laser tweezers and the application
of a Stokes’ viscous drag force. When the particle is subject to a fluid flow, and
if the particle remains trapped, the viscous drag force is balanced by the optical
restoring force. As described in Section 2.2.1, if  is known, this technique permits

viscosity 1) to be determined as given by;

RX

= 6.10
1 6mrv ( )
where r is particle radius, v is the velocity of the particle’s motion and x is its

subsequent displacement from the optical trap centre.

As described in Section 5.1.2, a known Stokes’ viscous drag force Fg was
applied to optically trapped beads in each of the WG mixtures by oscillating

the translation stage with a triangular wave displacement function of constant
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Figure 6.1: For a viscous drag force applied to an optically trapped particle, there
exists a linear relationship between stage velocity and lateral particle displacement
a2y which allows calculation of the medium viscosity 7 from Eq. (6.10). The plots
correspond to the displacement of 6 um PS beads in WG mixtures with varying
glycerol concentration for (a) 0, 10 and 25 % concentrations at Py = 65 mW and
(b) 0, 50 and 75% at Pp = 122mW.
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amplitude 50 um. Displacement of the 6 um PS bead from the optical trap centre
was measured for a range of Pr. The viscosity 1y, was then calculated using Eq.
(6.10), where x had been determined for each WG mixture using the EQ method.

Figure 6.1 shows the linear dependence of an optically trapped particle’s dis-
placement from the optical trap centre on stage velocity for four WG mixtures.
This dependence is compared for a 6 um PS bead in 0, 10 and 25% glycerol
for Py = 65mW (Fig. 6.1(a)) and in 0, 50 and 75 % glycerol for Py = 122mW
(Fig. 6.1(b)).

Each data point in Fig. 6.1 is an average of two measurements of the displace-
ment, where x and y and positive and negative displacements have been averaged

together.

As expected from Eq. (6.10), the particle’s displacement from the optical
trap centre increases with increasing glycerol concentration. This is because each
mixture becomes more viscous with the increased addition of glycerol, thereby
exerting a greater viscous drag on the particle. Also shown is the reduction in

particle displacement with increased trapping power Pr, as expected.

6.3.2 Passive microviscometry

The PSD method is often used as a calibration method (Section 5.1.3) and has
been combined with Stokes’ viscous drag to calculate 1y, [287]. This work employs
the PSD method independently, as a passive technique to determine 7y,. This
allows direct comparison to values determined using an active technique on the

same laser tweezing system.

The power spectrum of an optically trapped bead’s Brownian motion is given
by Eq. (2.19). The characteristic roll-off frequency of this motion, due to the
confinement imposed by the optical trap, is given in Eq. (2.17). This method
allows the viscosity 1 of the medium surrounding the trapped particle to be

determined using the corner frequency f. as follows;

R

= — 6.11
12727 f., ( )

Ui

where k for each WG mixture is pre-determined, in this case using the EQ method.
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For each of the WG mixtures, position fluctuation data of optically trapped
6 um PS beads were recorded whilst varying Pp. This data was Fourier trans-
formed and analysed in real-time with the LabVIEW program SimpleAnalysis.vi
which obtains f. from the Lorentzian fit to the data.
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Figure 6.2: Lateral power spectra (PSD) S.,(f) for 6 um PS beads optically
trapped in WG mixtures of varying glycerol concentration; 0 (water), 10, 25, 50
and 75 %. The decrease in f. corresponds to an increase in the viscosity of the WG
mixture 7ye. The plots showing concentrations 0, 10 and 25 % were trapped with
Pt = 65mW whilst those for 50 and 75 % correspond to Pp = 122 mW.

Figure 6.2 shows the lateral PSD for a 6 um PS bead in four different WG
mixtures; 10, 25, 50 and 75 %, compared with that of water (0%). Each spectra
is an average of ~50 scans, where z and y have been averaged together, and each

value of f. was obtained from three spectra.

In agreement with Eq. (6.11), the decrease in f. in Fig. 6.2 corresponds to an

increase in 7y, as glycerol concentration is increased.

For clarity, the spectra in Fig. 6.2 for 0, 10 and 25 % glycerol correspond to
Pt = 65 mW whilst those for 50 and 75% glycerol correspond to Pt = 122 mW.
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6.4 Discussion

Dynamic viscosities of WG mixtures 7, were measured using both an active and
passive microviscometry technique and calculated using Eqgs. (6.10) and (6.11).
Figure 6.3 shows the calculated values of 7y, using the VD and PSD methods;
Figs. 6.3(a) and 6.3(b), respectively. Also shown are Cheng’s model for a tem-
perature of 32 and 40°C [285]. For comparison, the figures also show the line

corresponding to a temperature of 22°C.

The results are in good agreement with one another showing an increase in
Nwg With increasing glycerol concentration. Both Figs. 6.3(a) and 6.3(b) show
a decrease in 7y, with increased trapping power P, suggesting a corresponding

increase in the temperature of the WG mixture.

For Fig. 6.3(a), the error in 7, is calculated from the standard deviation of
ky and k,, determined for each WG mixture using the EQ method, and the error
on each gradient in Fig. 6.1. Similarly, in Fig. 6.3(b) the standard deviation of
Ky and k,, and three measurements of f, for each WG mixture, are combined in

quadrature to calculate the error in 7y,.

The remainder of this section will discuss the effect of laser-induced heating in
WG mixtures and application of laser tweezing to investigate the effect refractive

index has on trap stiffness.

6.4.1 Laser-induced heating

It is known that the tightly focussed spot created in laser tweezing experiments
can cause laser-induced heating of the medium in and around the optical trap
focus as discussed by Peterman, Gittes and Schmidt [289]. They developed a
model which incorporates the conditions and geometry of the experiment. Inci-
dentally, they compared the laser-induced heating when trapping polystrene and

silica beads in both water and glycerol (pure).

Contrary to earlier models, they discovered when using PS and SC beads, laser
light absorption in the solvent surrounding the particle was the most important
contribution to heating, and not heating within the trapped particle itself. They

found that the heating effect in water was substantially smaller than in glycerol.
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Figure 6.3: Dynamic viscosities of WG mixtures 1y as a function of glycerol
concentration where data is obtained using (a) the VD method and (b) the PSD
method. Each of the lines correspond to nye at different temperatures; 22, 32 and
40°C, as given by Cheng’s model [285]. The data is plotted on a semi-logarithmic
axis allowing closer inspection of nyg at low glycerol concentrations. See the text
for further details.
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Finally, they observed that the laser-induced heating effect in glycerol increased

with increasing trap depth since the coverslip acts as a heat sink.

The VD and PSD techniques produce values of n in water of 0.87 4+ 0.07cP
and 0.88 + 0.08 ¢P, which are each within one standard deviation of the accepted
value of 0.89cP at 25°C. In both Figs. 6.3(a) and 6.3(b), a decrease in 7y, is
observed between Pr = 65 and 122 mW. This suggests an increase in temperature
with increasing Pp. Both datasets shift from a line of best fit of 32°C toward
that of 40 °C, both given by Cheng’s model [285].

For data obtained using the VD method in Fig. 6.3(a), the decrease in 7,
with increasing Pt is less when compared with the PSD method data. Assuming
the laser is indeed heating the WG mixture surrounding the particle, this is
an intuitive result. As the translation stage is oscillated, the position of the
particle and thus the optical trap focus is constantly changing and reducing the
time it spends in one location. This may therefore act to reduce the localised
temperature and hence increase the observed value of 7y,. This implies the
speed of the trapped particle is greater than the time it takes for the fluid to
reach thermal equilibrium. Viscous drag speeds employed in this work were up
to 75 um/s with the exception of the 75% WG mixture, where the maximum
stage speed for these measurements was 15 um/s. Peterman, Gittes and Schmidt
employed viscous drag speeds ~ 1um/s which is slow enough to allow thermal

equilibrium in glycerol to a distance of 10 um; ~1 ms.

In accordance with Eq. (6.11), the decrease in 7, in Fig. 6.3(b) implies an
increase in f. which is proportional to k. As stated above, the decrease in 7y,
using the passive PSD technique is greater than shown in data obtained using the
active VD method. This implies a greater temperature increase with increasing
Pt which is in agreement with the idea that a fast moving particle allows less
time for thermal equilibrium. This is negated in passive experiments where the
trapped particle, and therefore the optical trap, remains fixed in a single location
in the fluid.

Both datasets show a greater shift of 7, as glycerol concentration increases,
with particular attention drawn to concentrations 50 and 75%. This suggests a
greater temperature increase as the viscosity of the WG mixture becomes closer
to that of pure glycerol. This is in agreement with the general trend shown by

Peterman, Gittes and Schmidt; the temperature increase is significantly more in
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glycerol than in water.

In pure glycerol, Peterman, Gittes and Schmidt’s model predicts a tempera-
ture increase on the order of 38 °C/W for pure glycerol at this trap depth (10 pm).
This would correspond to an increase on the order of 2 °C for an increase of 57 mW
as is the case here. Therefore, the indicated 8 °C increase is larger than expected
and all mixtures are diluted. Both experimental data and the model in the afore-
mentioned work illustrates the relatively small influence of particle size on the
heating effect. Therefore, the discrepancy cannot be accounted for due to trap-

ping larger beads than those used by Peterman, Gittes and Schmidt [289).

6.4.2 Refractive index mismatch

As given by Egs. (2.4) and (2.5), the trapping force felt by the particle depends on
the angle of refraction of the rays impinging upon its surface (see also Fig. 2.1).
As the refractive index of the medium moves towards that of the particle, the
angles of refraction at the particle surface are reduced. This in turn reduces the
momentum change and thus, the induced gradient force as shown in Fig. 2.2.
Therefore, the stiffness of the optical trap depends on the refractive index differ-

ence between the particle and the surrounding medium as given by Eq. (2.30).

There exists a greater refractive index difference between the particle and the
surrounding medium in water compared with that of pure glycerol as well as WG
mixtures. This leads to a refractive index mismatch when measuring the trap
stiffness in these media. Brau et al. [284] showed that this effect can be corrected
for by normalising the measured trap stiffness in the WG mixture xy, by the
relative refractive index. This allows the expected trap stiffness in water K, to
be obtained as given by

Kw = Rwg ﬁ (6.12)
where ny, ny, and ny, are the refractive indices of the particle, water and WG

mixture, respectively.

Rearrangement of Eq. (6.12) illustrates the linear inverse proportionality be-
tween ry, and the relative refractive index, or n-factor (fractional term in Eq.
(6.12)). Therefore, a plot of ky, against the inverse of the n-factor at a given Py

would yield a value of the corresponding k, from the gradient.
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Table 6.1: Refractive indices of water—glycerol mixtures n,, with varying glycerol
concentration prepared as (% v/v) and (% w/w) taken from references [284, 290].
See the text for further details.

Glycerol Refractive index Glycerol Refractive index

(%ov/v) Mg (%ow/w) Mg
0 1.3328 0 1.3330
10 1.3476 10 1.3448
25 1.3688 25 1.3640
50 1.4043 50 1.3981
75 1.4418 75 1.4353
100 1.4718 100 1.4740

Brau et al. [284] illustrated that a plot of sy, against trapping power shows
a decrease in the trap stiffness with increasing glycerol concentration. However,
once the refractive index correction has been applied as per Eq. (6.12), all data

points collapse into a single line to allow x, to be determined.

The refractive index of WG mixtures increases linearly with glycerol concen-
tration as shown in Table 6.1. These values were determined by Brau et al. [284]
from refractometer measurements who also employed a trapping beam with a
wavelength of 1064nm. It is important to note that these values correspond
to glycerol concentration measured in %(v/v) and as such, there will be some
variation in nyg. Unfortunately, the publication does not explicitly state which
wavelength or temperature these refractive indices correspond to, therefore it is
assumed to be at the trapping wavelength of 1064 nm and room temperature. For
comparison, ny, at 589nm and 20°C for WG mixtures in %(w/w) are also pro-
vided, obtained from the CRC Handbook of Chemistry and Physics (1973) [290].

The effect of refractive index changes on rys can be seen in Fig. 6.4 which
show position distributions for a 6 um PS bead optically trapped in WG mixtures
0, 10 and 25% at Py = 65 mW and 0, 50 and 75 % at Pt = 122mW. An increase
in the positional variance is observed, albeit slight, corresponding to a reduction

in x as given by the equipartition of energy theorem (Eq. (2.7)).

Figure 6.5 shows the inverse proportionality between trap stiffness and the
relative refractive index or n-factor of Eq. (6.12) for two trapping powers; Py =
65 mW and Pr = 122mW. The data were obtained using the EQ method. Each
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Figure 6.4: Position distributions of 6 um polystyrene (PS) beads suspended in
water—glycerol mixtures with varying glycerol concentration for (a) 0%, 10 % and
25% at Py = 65mW and (b) 0%, 50 % and 75 % at Py = 122mW. The trap depth
remained constant at Z7 = 10 pm.

data point is an average of three measurements of x, where s, and &, have
been averaged together. Thus, the plotted error bars correspond to the standard

deviation of kyg. Each line represents a linear least squares fit to the data.

The effect of refractive index becomes more significant as trapping power
increases. The same effect is observed by Brau et al. [284]. They noted the
introduction of low-frequency errors when calculating x at high glycerol concen-
trations due to the increased viscosity. This effect appears not to be present here
which could be attributed to the lower trapping powers employed in this work.

In addition, measurements were not made for 100 % glycerol.

A value for the expected trap stiffness if there were no refractive index changes
is determined from the gradient of the linear fits in Fig. 6.5. The corresponding
values of lateral trap stiffness ry, are 10.61 £ 0.33 pN/pum and 20.52 + 0.29 pN/um
for trapping powers of 66 mW and 122 mW, respectively. These values are con-
sistent with those obtained using the PSD method for the same values of Pt and
Zr =10 pum; 11.99 + 0.72pN/um and 20.04 + 1.20 pN/pm.

However, a caveat: the n-factor in Fig. 6.5 is calculated using the refractive
indices determined by Brau et al. (Table 6.1) where the temperature specifically,

is unknown.
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Figure 6.5: The linear relationship between lateral trap stiffness in water—glycerol
mixtures kwg and the inverse of the n-factor as given by Eq. (6.12). As glycerol
concentration is increased, the refractive index of the mixture also increases toward
the particle’s refractive index. This acts to reduce the optical trap stiffness. The
gradient of each linear fit gives a value for the expected value of &y, if no refractive
index mismatch between the mixtures were present. Each data point is an average
of three measurements of kg, where x; and k, have been averaged together. Thus,
the plotted error bars correspond to the standard deviation of kyg and each line
represents a linear least squares fit to the data.

This technique could be employed to measure refractive indices of fluids if «

can be determined with high precision.

6.5 Summary

This chapter has presented the results of employing the laser tweezing system
as a tool for microviscometry using both an active and passive technique. The
results were obtained using the laser tweezing system shown in Fig. 4.1, which

uses high-speed video microscopy to perform particle tracking.

Dynamic viscosities of WG mixtures 7y, with varying glycerol concentration
were determined. In agreement with Cheng’s model [285], 7y, increased with

increasing glycerol concentration. The results suggested laser-induced heating
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in the mixtures, specifically with greater glycerol concentration. However, this
was larger than expected compared with the literature [289]. There was a slight
difference in the temperature increase between the active and passive techniques,
where the particle’s motion in the active technique may allow insufficient time

for thermal equilibrium.

The results may also suggest other intricacies of the experimental situation.
As shown by Peterman, Gittes and Schmidt [289), the coverslip acts as a heat sink
where the laser-induced heating effect increases with increasing trap depth. In
this work, the particle may be positioned further ahead of the optical trap focus
than a measurement of Zt suggests, thus lying further away from the coverslip
than believed and thereby experiencing a greater laser-induced heating effect.
However, this is unlikely to account for such a greater than expected discrepancy
as the heating effect is not strongly dependent on trap depth. There may also
exist an underestimation of the value of Pt at the sample which could account
for the greater increase in temperature due to the trapping laser beam. A more
in depth investigation is required to definitively conclude whether the changes in

Nwe are indeed due to laser-induced heating.

This chapter also detailed the use of the laser tweezing system for detecting
changes in refractive index of the medium and its effect on the optical trap stiff-
ness. As glycerol concentration is increased so does the refractive index of the
mixture. This acts to reduce the optical trap stiffness. However, this can be
corrected for to show that an expected value for the trap stiffness can still be de-
termined from this data. Similarly, this technique could be employed to measure

refractive indices of fluids if trap stiffness can be determined to a high precision.

This work used refractive index values published in the literature for the WG
mixtures, where some discrepancy will exist due to the temperature, wavelength
and the method of mixture preperation e.g. (% w/w) versus (% v/v). Ideally,
refractive indices of the WG mixtures should be determined in-house at 1064 nm
for (% w/w) concentrations, using reflectance spectroscopy, for example. Also,
measuring ng as a function of temperature would allow correction for refractive

index changes due to any laser-induced heating.
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Chapter 7
Laser Tweezing in Liquid Crystals

Analysis of optically trapped colloids provides practically pertinent details about
the host medium. Studying the characteristics of liquid crystalline media attracts
increasing interest due to their impact in the advancement of electro-optic systems

and display technology.

Laser tweezers are a popular and successful technique for investigating L.C
media, as they often require only very small volumes of liquid crystal (~ pL) and

also facilitate investigations in a predominantly viscous regime.

This chapter details laser tweezing experiments using polystyrene (PS) and
silica (SC) beads dispersed in different liquid crystal mixtures with homeotropic
and planar alignment. Active and passive measurement techniques were em-
ployed to determine the anisotropic viscosities of the LC mixtures; viscous drag
and PSD analysis. More specifically, this allowed determination of effective and
local anistropic shear viscosity coefficients. All experiments employed the laser
tweezing shown in Fig. 4.1. The results in this chapter are compared with those
available in the literature which have employed (a) optical tweezers and (b) a

shear flow measurement technique.

This chapter begins with a consideration of the experimental conditions in-
cluding the Ericksen number, the LC cells themselves and the alignment of the
LC at the particle surface. This is followed by the experimental detail and re-
sults of the active and passive microviscometry employed. Finally, a discussion
is presented on distortion of the LC director n, colloidal interactions within the

LC and the effect of the refractive index contrast.
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7.1 Experimental conditions

One should consider the experimental environment in which laser tweezing ex-
periments are being performed, particularly in LC mixtures. The first of these
important considerations for LC mixtures is the degree of viscoelasticity of the
system, characterised by the Ericksen number. In addition, attention should
be paid to the alignment of the LC at the surface of colloids dispersed within
it. This section will examine these aspects, and their impact in laser tweezing

experiments, in further detail.

7.1.1 Ericksen number E,

In a liquid crystal, the contribution of elastic forces to the Stokes’ viscous drag
force can be quantified using the Ericksen number E, as given in Eq. (3.14). At
low Ericksen number E, < 1, elastic forces exceed viscous forces and so any
elastic distortions of the LC director n due to the flow field i.e. the particle’s

motion, are considered negligible.

The FEricksen number can be minimised by controlling the velocity length
scale V. In the active viscous drag (VD) experiments, the translation stage was
moved at a maximum speed of 70 pm /s. With characteristic values for the Frank
elastic constant K; ~10pN and Leslie coefficient ay ~ 1072 Ns/m? [168, 291], the
smallest bead, 2 um PS, gives an average value of E, ~ 0.03. For the largest
bead, 10 um PS, on average E, ~ 0.14. Therefore, using the chosen colloids and
LC mixtures, the experimental environment would remain in the low Ericksen

number regime, F, < 1.

As given by Eq. (3.14), it is only if the stage were to be moved at a speed
v 2 400 pm/s and v 2 2000 um/s for the 10 wm and 2 um PS beads, respectively,
that elastic forces would begin to equal viscous forces i.e. E, ~ 1. Specific values
of E, for SC beads are not discussed as they fall within the desirable range for

E. at the chosen radii.

In passive PSD experiments, the velocity length scale v, for an optically
trapped particle undergoing Brownian motion (i.e. the Brownian velocity) will

range between approximately 1.8 mm/s and 0.2 mm/s depending on particle den-
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sity and radius. These values are calculated using the radii of the 2 and 10 um

nominal PS beads, respectively (Table 3.3).

These velocities correspond to 0.14 < E, < 0.85, depending on the combina-
tion of particle radius and density, and the liquid crystal of choice, as shown in
Fig. 7.1. Clearly, this largely facilitates experiments in the low Ericksen num-
ber regime, E, < 1. Comparatively, some combinations would present a system

approaching E, ~ 1.
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Figure 7.1: Calculated Ericksen number E, from Eq. (3.14) as a function of
bead radius listed in Table 3.3. These values correspond to passive laser tweezing
experiments where the velocity length scale vy is the velocity of the particle’s
Brownian motion.

Figure 7.1 also shows that, since smaller colloids have an increased Brownian
velocity, F; can be minimised in passive techniques by using larger colloids. Sim-
ilarly, choosing a LC with a higher Frank elastic constant K; will minimise Fi.
In this case, K(6609) > K(6648) [155, 168, 292|.
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7.1.2 Liquid crystal cells

Table 7.1: The liquid crystal and bead combinations used in this work. LC cells
with planar (P) and homeotropic (H) alignment were used for both. The Ericksen
number E; given by Eq. (3.14) are calculated for the VD and PSD methods where
all values are < 1.

Particle  Alignment Ericksen number, E,

LC
properties P H VD PSD
MLC-6648 2um SC V v 0.04 0.54
MLC-6609 6um PS Vv v 0.06 0.29

The colloidal suspensions were prepared at relatively low concentrations of
typically 2-4 % solids by weight. To minimise any distortion of the LC director,
particles of relatively small diameter; 2 pm in MLC-6648 and 6 um in MLC-6609,
were dispersed using ultrasound. The LC and colloid combinations used are
given in Table 7.1, where P and H indicate planar and homeotropic alignment,
respectively. Also shown in the table are calculated values of E, for the VD
and PSD methods. Calculations for the VD method use the maximum velocity
of 70 um/s whilst those for the PSD method use the Brownian velocity of the

associated particle radii.

LC cells were fabricated as described in Section 3.3 where the coverslip surfaces
were treated to achieve planar and homeotropic alignment of the LC relative to
the coverslip surface. Their thickness h, measured using reflectance spectroscopy

(Section 3.3.5), varied between 25.3 um and 36.1 um with an error oy ~ 8-10%.

7.1.3 Surface anchoring

Planar and homeotropic alignment of the LC director n relative to the coverslip
surface was performed as described in Section 3.3.6. For a planar LC with good
alignment, no light should be transmitted through the LC when viewed between
crossed polarisers. This was observed within the bulk of the nematic. However,
small, bright regions were also observed, corresponding to director distortion
around the particles dispersed within the cell. The distortion of n around the

particle means it is no longer parallel to either polariser, thereby allowing light
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transmission. For a well-aligned homeotropic LC cell, a central conoscopic cross
should be observed. The bulk alignment of the LC director n should be largely
unaffected by colloidal dispersions at the relatively low concentrations used here;
~ 2-4%. Any shift in the conoscopic image was likely due to regions of poor

alignment of the LC at the coverslip surfaces.

Chain-like structures were observed for 2 um SC beads dispersed in MLC-6648
with planar alignment, as shown in Fig. 7.2. This suggests the LLC molecules are
homeotropically aligned at the colloid surface as detailed in Section 3.2.4. The
particles experience a strong attraction to one another in the direction of n and

the formation of particle chains lowers the free energy of the system.

It is most likely that a Saturn-ring director
field is present, shown in Fig. 3.7(b) (p. 96),
as these most commonly occur for particles
with 7 < 5 um [167, 168, 242|. For this type of
director field, the homeotropic surface anchor-

ing is weak, in comparison to topological de-

5 um

fects which are due to strong homeotropic an-

choring. This creates an isotropic distribution Figure 7.2: Chain-like structure

relative to the large convergence angle of the of 2um SC beads dispersed in
MLC-6648 with planar alignment.
This indicates the LC molecules are
homeotropically aligned at the par-
ping forces. One may therefore assume an ticle surface.

effective refractive index n = +/2n2 4+ n2/3,
which gives 1.515 for both MLC-6648 and MLC-6609 [200].

rays impinging upon the particle surface and

hence minimises any anisotropy of the trap-

Planar anchoring at the particle surface, generates clustering of beads [293].
There was some evidence of this for SC beads in hometropic cells of MLC-6648.
The formation of clusters indicates the long-range attractive forces. Although
repulsive forces are also present where the particles remain seperated. It was
possible to trap individual SC beads and detach them from the surrounding par-
ticles, where this was more easily achieved with smaller ‘clumps’ of beads. It was

also possible to pull two clumps of beads apart using the laser tweezers.
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7.1.4 Trapping power and depth

As shown by Smalyukh et al. [184], quantitative studies of particle dynamics in
laser tweezers can be performed with relatively low trapping powers. In materials
with low birefringence An, which is true of the LCs used here, reorientation of n
due to the trapping laser is weaker than for high An. These materials thus possess
a higher threshold power before realignment of n, allowing greater trapping forces

to be applied.

The trap depth was kept constant at Zr = 10 um in order to minimise the
effect due to the proximity of the coverslip and spherical aberration of the optical
trap focus, as discussed in Sections 5.2.1 and 5.2.2. However, it is expected that
any spherical aberrations will be small as the average refractive index of the L.C is
close to the refractive index of the glass coverslip. Similarly, unlike laser tweezing
in water, increasing trap depth is unlikely to reduce the trapping forces as the
birefringence is low; An ~ 0.07 for the chosen LCs (Table 3.2, p. 98). Higher
values of An will weaken the trapping force due to significant light defocussing,
which acts to increase the width of the optical trap [152, 200].

Thicknesses of each LC cell h were measured using reflectance spectroscopy as
described in Section 3.3.5. The values ranged between approximately 20 — 40 um

with an error oy, ~8-10 %.

7.2 Microviscometry in liquid crystals

Experiments to determine the viscosity coefficients of LCs using laser tweezers
relies on the fact that an optically trapped bead’s motion in a given dimension
will differ depending on whether the plane is parallel or perpendicular to n. Since
motion of an optically trapped bead depends on the viscosity of the host medium,
it is therefore possible to determine viscosity coefficients by observation of this
motion as described in Section 3.1.3. As evidence of the LC’s anisotropic viscosity,
one would expect to observe an anisotropic dynamic response from the optically

trapped colloid, dependent upon the orientation of the axes relative to n.

As detailed in Chapter 2, a number of statistical methods exist to detect dif-

ferences in position fluctuations of an optically trapped bead. For example, one

Jennifer Louise Sanders 168



CHAPTER 7: LASER TWEEZING IN LIQUID CRYSTALS

would expect to observe anisotropy in the Gaussian distribution of particle posi-
tions, the autocorrelation and mean squared displacement functions, the power
spectrum and the viscous drag force experienced by the optically trapped colloid.
Whilst none of these methods are suitable for calibration of laser tweezers in a
viscoelastic media [206], such as a LC, they offer valuable information about the

characteristics of colloidal dispersions.

PS and SC beads with a range of diameters were dispersed in two LC mix-
tures with homeotropic and planar alignment. As described in Chapter 3, for a
homeotropically aligned LC cell, both the x and y directions are perpendicular
to the LC director n whilst z is parallel. For a L.C cell with planar alignment, de-
pending on the transverse orientation of the LC cell, either the = or y direction is
parallel to n, whilst z is perpendicular. See also Fig. 3.5 (p. 92) and Table 3.1 (p.
93).

Laser tweezing has previously been employed to determine the effective vis-
cosities 1 and ngﬁ of MLC-6648 [167]; the effective viscosities perpendicular
and parallel to n. These experiments were performed in the low Ericksen num-
ber regime and employed active microviscometry, specifically the escape force
method, to measure viscosity. This therefore provided a direct comparison of vis-
cosity values, where the work detailed in this thesis determines viscocity values

using passive microviscometry with high-speed video microscopy.

In addition, Pasechnik et al. [189] determined anisotropic shear viscosity co-
efficients 7, 72 and n3 for MLC-6609 using traditional shear flow experiments.
Therefore, this facilitated a comparison between anisotropic viscosity coefficients
given in the literature, determined with an alternative technique. It also pro-
vided an opportunity to compare viscosity values determined in the low Ericksen

number regime, as here, with those not in this regime, as in reference [189].

Prior to performing laser tweezing experiments in anisotropic media, it is often
necessary to perform calibration of force and/or trap stiffness as the trapping
and viscous forces also become anisotropic. In the case of liquid crystals, this
calibration requires observing the particle dynamics relative to the director n.
However, this can be avoided by using particles with high refractive indices n, >
n, and ne. Also, choosing LC’s with relatively small birefringence, trap stiffness

can be considered practically independent of n around the particle [184, 200].
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With sufficient birefringence, dielectric anisotropy and clearing temperature
(see Table 3.2, p. 98), the LC mixtures MLC-6648 and MLC-6609 made suitable
LCs for laser tweezing experiments. Experiments were perfomed using the laser
tweezing system shown in Fig. 4.1 (p. 104), where initial development allowed ac-
curate particle tracking in all three dimensions using high-speed video microscopy
as described in Section 4.3.1. This enhancement allowed media to be probed in

three dimensions including examination of anisotropic viscosity of LCs.

7.2.1 Passive microviscometry

The characteristic corner frequency f. of an optically trapped colloid’s PSD is
inversely proportional to the drag coefficient v as given by Eq. (2.17), and hence
the viscosity. This treatment can be applied to liquid crystals if experiments are

performed in the low Ericksen number regime as described in Section 7.1.1.

One would expect to observe differences in the power spectrum of an optically
trapped bead’s position fluctuations depending on a given direction’s relation to
n. Fitting a Lorenztian to the PSD data to obtain f. allows determination of the

LC’s effective anisotropic viscosity coefficients 7 and 77!ff as given by Eq. (2.20).

MLC-6648

Figures 7.3 and 7.4 show the PSD and associated Lorenztian fit in the z, y
and z directions for an optically trapped 2 um SC bead dispersed in MLC-6648
with homeotropic and planar alignment, respectively. The PSD and associated
Lorenztian fit are filtered i.e. averaged, over ~ 100 scans and the plots shown are
an average of three separate measurements. Values of the effective viscosities 7l
and n(!ﬁc obtained from the Lorentzian fit to PSD data are presented in Table 7.2 on
p. 182.

For a homeotropically aligned cell in Fig. 7.3, both the x and y directions
are perpendicular to the LC director 7 meaning they both experience 1l which
is confirmed by the similarity in f. values. The z direction is parallel with n
and would therefore, experience ngﬂ. The value of f.(z) is approximately 45 % of
fe(x) and f.(y). We know that k., > k,, but the result also illustrates a reduced

viscosity since we would expect a further reduced value of f.(z) if the disparity
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Figure 7.3: PSD for 2 um SC beads in MLC-6648 trapped with a trap stiffness
Kzy ~ 20 pN/pm (measured in water) with homeotropic alignment; fc(z) = 19.8 &
2.0Hz, fo(y) = 21.6 £ 2.1 Hz and fo(z) = 9.1 + 0.9 Haz.
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Figure 7.4: PSD for 2 um SC beads in MLC-6648 trapped with a trap stiffness
Kzy ~ 20 pN/pm (measured in water) with planar alignment; f.(z) = 15.0+1.7 Hz,
fo(y) = 5.4+0.6Hz, f.(2) = 2.3+ 0.3Hz.
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between lateral and axial trap stiffness were the only effect.

In comparison, for a cell with planar alignment, the x and z directions are
parallel to n whilst y is perpendicular, producing clearly different PSD plots, as
shown in Fig. 7.4. This is again evident from the difference in corner frequencies;
fe(x) > fo(y), on the order of three times greater. Here, f.(x) > f.(z), ~6
times greater, which can be partly attributed to the difference between k, and
k., although it is greater than expected from calibration data in water shown in
Section 5.1.

MLC-6609

Figures 7.5 and 7.6 show the PSD and associated Lorenztian fit in the x, y
and z directions for an optically trapped 6 pum PS bead dispersed in MLC-6609
with homeotropic and planar alignment, respectively. The PSD and associated
Lorenztian fit are filtered i.e. averaged, over ~ 100 scans. Values of the effective
viscosities ks and 77!3 obtained from the Lorentzian fit to PSD data are presented
in Table 7.2 on p. 182.

For the homeotropic cell of MLC-6609, the corner frequencies in all three
dimensions are of a similar value. It is reasonable to conclude from this data
that the optically trapped particle experiences a similar effective viscosity 7. in
x and y whilst in the z direction, although r,, > k., this direction experiences a

reduced effective viscosity n!ff.

For the planar cell of MLC-6609, f.(x) > f.(y) > f.(z). Taking into account
the differences between lateral and axial k, this therefore suggests the optically

trapped particle experiences a different effective viscosity in the x direction com-
[

og and 7%, respectively.

pared with the y and z direction; n

7.2.2 Active microviscometry

This section details results obtained using active microviscometry in order to
compare passive microviscometry results for this laser tweezing system. One
would expect to observe anisotropy in the particle’s motion when subjected to a

viscous drag force in directions parallel and perpendicular to n.
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Figure 7.5: PSD for a 6 um PS bead in MLC-6609 trapped with a trap stiffness

Kzy ~ 20pN/pm (measured in water) with homeotropic alignment, f.(x) = 6.0 =
0.7Hz, fo(y) = 9.0 £ 1.0Hz, f.(2) = 8.0 + 0.8 Hz.
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Figure 7.6: PSD for a 6 um PS bead in MLC-6609 trapped with a trap stiffness
Kzy ~ 20 pN/pm (measured in water) with planar alignment, f.(z) = 12.7+1.3Hz,
fely) =59+ 0.6Hz, f.(z) =3.1+0.4Hz.

Jennifer Louise Sanders 173



CHAPTER 7: LASER TWEEZING IN LIQUID CRYSTALS

The increase in viscosity experienced by a colloid immersed in a LC relative
to water was reflected in the reduction in speed at which a bead became located
at the optical trap centre. This effect was directly proportional with increasing
P, in agreement with reports in the literature |155, 184|. The particle withstood
significantly less viscous drag speeds than that of a PS or SC bead of the same
size in water, trapped at the same power. In addition, the optically trapped bead
in the LC responded to a viscous drag force with a large displacement from the
optical trap centre where the bead appeared to be ‘tethered’. This is likely to be
the elastic Saturn-ring surrounding the particle, created due to the quadrapolar
symmetry of the homeotropic director orientation at the particle surface. Tt is
indeed possible to manipulate the Saturn-ring with laser tweezers, including fusing

them together to entangle particles [294, 295].

As stated above, in the low Ericksen number regime E, < 1, elastic distor-
tions of the LC director n are considered negligible. Similarly, the laser tweezing
experiments are performed in the Reynold’s number Re < 1 (< 107°). Therefore,
the viscous drag acting on a particle immersed in the LC can be described by
Stokes’ law. This allows the viscosity to be determined in the same way as for a

purely viscous fluid; using Eq. (6.10).

As in Sections 5.1.2 and 6.3.1, a known Stokes’ viscous drag force Fg was
applied to optically trapped beads in each of the LC mixtures by oscillating the
translation stage with a triangular displacement function. In an effort to eliminate
any measurement errors due to the particle tracking and analysis system, the

active escape force (EF) method was employed to probe anisotropic viscosity of
LCs.

The escape force is the minimum force required to cause a bead to escape

from the optical trap, defined as
Fesc = 67T77rvesc (71)

where v is the velocity of the surrounding fluid, or in this case the sample stage,
when the particle is released from the optical trap. At this point, F. is consid-
ered as the maximum trapping force proportional to the maximum displacement

Flax = —KXmax, Such that;

F oo = 6707 Vese, (7.2)
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or, using Eq. (2.30), this is equivalently;

QnmPT
C

= 67N Vese. (7.3)

Measuring v as a function of Pt will thus allow determination of 7.

It is possible to determine the trapping efficiency ) experimentally if 7 is
known, as described in Section 2.4. However, () can also be calculated theoreti-
cally using a Matlab program developed by Niemien et al.; the ‘Optical tweezers
computational toolbox’ [296]. Thus, the trapping force F for a range of Pt can
be calculated using Eq. (2.30).

Figures 7.7(a) and 7.7(b) show the calculated lateral efficiency @, as a func-
tion of particle position. The axial trap efficiency (), is also shown for comparison.
Each of the figures correspond to SC and PS beads, respectively, where the host
medium is either of the LC mixtures; MLC-6648 or MLC-6609, since they have

the same average refractive index n.

Figures 7.8(a) and 7.8(b) show the calculated lateral trapping forces F, for
SC and PS beads, respectively, as a function of particle position. The figures
show five plots of F,, corresponding to Pr between 10 and 50 mW calculated
using Eq. (2.30) and the theoretical values of Q),,. The units of position are given
in units of the trapping laser wavelength A = 1064 nm. The plots show expected
results; (i) Qzy > @, (ii) both @ and F,,, increase with particle size, and (iii) F,,
increases with Pr. A linear relationship exists between () and P, thus allowing

values of @) and F,« to be determined for a given Pr.

MLC-6648

The escape velocity of 2 um SC beads trapped in MLC-6648 was measured for
planar and homeotropic cells. The trapping power Py was kept constant between
10-50mW and the stage velocity increased until the bead escaped from the
optical trap. The viscous drag force was applied in both the x and y directions

in order to probe g and n!ff.

It was realised that when measuring ngﬁc, the necessary values of v for a 2 um
SC bead to escape from the optical trap would exceed the chosen maximum stage

velocity of 70 um/s. Therefore, measurements were made at additional values of
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Figure 7.7: Calculated lateral and axial trapping efficiencies @y and Q. for
(a) 2um SC beads (np, = 1.56) and (b) 6 um PS beads (n, = 1.59) dispersed in
either of the LC mixtures with average refractive index n = 1.515.
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Figure 7.8: Calculated lateral trapping force Fy, for (a) 2pum SC beads (n, =
1.56) and (b) 6 um PS beads (n, = 1.59) dispersed in either of the LC mixtures
with average refractive index n = 1.515. Values of Q);, and @, are determined for
5 trapping powers Pt between 10 and 50 mW.
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Pr.

Figures 7.9(a) and 7.9(b) show escape velocity ves of a 2 pm SC bead in pla-
nar and homeotropically-aligned cells of MLC-6648, respectively, as a function
of Pr. Each point is an average of two measurements in a single LC cell. The
corresponding values of 7. are given in Table 7.2 (p. 182) where error contribu-
tions are from the linear fit, the particle radius and the error on @Q,,, given as
1% |296].

As expected 7k > 77(!&- This is in agreement with the literature, which report

escape velocities differing by approximately a factor of 2 when comparing motion
across and along n [153, 167|. Also, the values are in good agreement with 7

values determined using passive microviscometry.

Using values for nZ and ngﬂ, measured using passive microviscometry (Ta-
ble 7.2, p. 182), predictions of ve. of a 6 um PS bead optically trapped in MLC-
6609 were made as a function of Pp. These predictions, shown in Fig. 7.10, are for
motion along and across n in cells with both planar and homeotropic alignment

in three dimensions.

Section 7.2.3 begins on p. 181.
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Figure 7.9: Escape velocity of 2 um SC beads as a function of trapping power for

(a) planar and (b) homeotropically-aligned cells of MLC-6648. As expected, the

results illustrate 77eLﬂr > 77!3-
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Figure 7.10: Predicted values of the escape velocity of 6 um PS beads as a func-
tion of trapping power for (a) planar and (b) homeotropically-aligned cells of MLC-
6609. Values were calculated using theoretically determined values of lateral and
axial trapping efficiencies @0y and @), and neg values measured using passive mi-
croviscometry.
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7.2.3 Effective viscosities n and 771;'5

Figure 7.11 compares nﬂﬂc and 1k determined for homeotropic and planar cells of
MLC-6648 and MLC-6609 using both passive and active microviscometry. The
results illustrate the observed anisotropy using both methods. On average, the

value was found to be close to the average bulk viscosity values of each LC.
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Figure 7.11: Comparison of effective anisotropic viscosities neLH and nﬂﬁ calculated
for homeotropic and planar samples of MLC-6648 using (a) passive and (b) active
microviscometry, and (c) for samples of MLC-6609 using passive microviscometry.
The labels z, y and z correspond to values obtained using the power spectra for
that direction, whilst xy denotes the average of x and y i.e. the lateral direction.

Calculated values of 7,5 and n!ff are summarised in Table 7.2 where the quoted
errors are the standard error on the mean and the number of measurements on
separate cells are given in brackets. Again, =, y and z correspond to values
obtained for that direction, whilst xy denotes the average of z and y i.e. the

lateral direction.

7.3 Discussion

Power spectral density analysis in conjunction with computer controlled laser
tweezers and high-speed video microscopy to perform particle tracking have been
used to investigate the anisotropic viscosity of two nematic L.Cs; MLC-6609 and
MLC-6648 in the low Ericksen number regime F, < 1.
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With reference to Table 7.2, the effective viscosity values nk and ngﬁ, de-
termined for MLC-6648 in this work agree well with values obtained previously
using an alternative form of laser tweezing; applying known viscous drag forces
to an optically trapped particle relative to the director 72 [167]. They are also in

good agreement with the flow viscosity quoted by the manufacturer [244].

Similarly, values of nk: for MLC-6609 determined in this work agree well with
the flow viscosity. However, there is a considerable difference (a factor of 2) with
other viscosity measurements made on large volumes of material, using shear flow

experiments, which were not in the low Ericksen number regime |189].

7.3.1 Surface anchoring ratio nelﬁ/ ngﬁ

The results also allow discussion on the anchoring of the L.C at the particle surface,
characterised by the ratio nk/ n,!ff. Calculated values are given in Table 7.3. There
is considerable variation in the values where all are higher than expected. Stark et
al. [167] theoretically predicted that for strong and weak homeotropic anchoring,
the ratio should be 2 and 1.3, respectively, although the transition is a continuum.
These results confirm the previous observation from active measurements [167]

that strong anchoring is implied.

Table 7.3: The ratio njﬁ / 77.!3 characterises the strength of the anchoring at the
particle surface where a value of 2.0 and 1.3 would correspond to strong and weak
homeotropic anchoring, respectively.

Passive value Active value

Liquid crystal Homeotropic  Planar ~ Homeotropic  Planar

MLC-6648 2004 25=£0.2 1.7£04
MLC-6609 3.1£0.8 22+£05

7.3.2 Trap stiffness

It is possible to estimate corresponding values of trap stiffness x using values of
fec and neg. These back-calculated values are given in Table 7.4. All values were

higher than expected, on the order of 2 times higher, for any of the directions
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when compared with the same trapping power for a 6 um polystyrene bead in

water.

For homeotropic cells of MLLC-6648, the refractive index difference dn between
the particle and the medium has decreased when compared with trapping in water
ny = 1.33. One would therefore expect x to decrease in line with this. However,
these results are contrary to that prediction and the values are also greater than

the corresponding value in water Ky, ~ 20 pNum.

For planar cells of MLC-6648, the values of x, and x, are in agreement with
the predicted decrease in k compared with k, as on has decreased. The agreement
between these numbers suggests trap stiffness is relatively independent of n at
the particle surface. However, since passive microviscometry observes Brownian
motion, one would expect to see a difference in x relative to n, as shown by
Smalyukh et al. [184]. The value of k. is thus, greater than both , and k,; an

unexpected result.

The discrepancy between the values of x, for the homeotropic and planar cells
of MLC-6648 (x,/, and k,, respectively) suggest that the trap stiffness is weaker
in a planarly aligned cell. However, in both these cell types, motion perpendicular
to the director corresponds to the trapping beam experiencing only the ordinary
refractive index n,. Thus, trap stiffness should not deviate too greatly. A possible
explanation is the idea that the trapping beam converging at such high angles,
~60°, causing it to experience a component of the LC’s extraordinary refractive

index n,.. This contribution would act to increase the apparent value of k.

For homeotropic cells of MLC-6609, the value of k. is a factor of 2 smaller
than , and k,, however is larger than expected when comparing with the corre-
sponding value of the lateral trap stiffness . For planar cells of MLC-6609, s,
is once more overestimated relative to x,,. However, x, is lower than k., in line
with a decrease in refractive index difference on. The value of k, is a factor of 2
smaller than , and k,, whilst being larger than expected when compared with

Foyg -

Interestingly, unlike MLC-6648, there appears to be very little discrepancy
between k, for the homeotropic and planar cells suggesting there is a negligible
effect due to the trapping beam experiencing a component of n.,. There is however,

a discrepancy for some values of |, where x| for homeotropic and planar cells (x.
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and k., respectively) differs by a factor of 2. This suggests there is an unaccounted

for difference between the alignment types, or perhaps an erroneous reading.

Possible sources for the inflated value of s include the LabVIEW program
SimpleAnalysis.vi itself. The program filters the Lorenztian data to increase pre-
cision. However, the measurement of the variance from the ACF is unfiltered and
any instantaneous errors which underestimate (z?), (y*) and (2?) will propagate

into the measurement of 1 and thus, .

Similarly, the program requires user input of the temperature 7' which is
proportional to k. Overestimation of T is possible, particularly for low Pp. There
is, of course, the effect of the cells being handmade, where an alignment layer
rather than an applied electric field is used to align n. Therefore, any weaknesses

in the alignment layer may affect the particle dynamics.

In both isotropic and LC cells, the particle was held away from the coverslip
surface (~ 10 um) so as to minimise any boundary effects. As such, the increased
trap stiffness values imply that the influence of the surfaces is much more impor-
tant for LC systems, and perhaps other non-Newtonian fluids, than for isotropic
materials. Also, these discrepancies are unlikely to be due to aberrations of the

trapping beam, which has a greater effect in the axial (z) direction.

7.3.3 Refractive index

The refractive index difference dn between that of the particle and the LC’s
ordinary and extraordinary refractive indices are given in Table 7.5. Both values
of on for silica beads are significantly small compared with the refractive index
when trapping SC beads in water; 0.23. This suggests trapping of SC beads is
theoretically forbidden and successful trapping may be due to the contribution
of the laser beams electric field or the creation of a high-n region or ‘cloud’
around the particle. It may be necessary to take into consideration dispersion;

the wavelength dependence of n [243].

As described in Section 3.2.2, at large values of P, reorientation of n occurs.
The resultant effect is that the particle ‘falls into’ the optical trap despite being
located a significant distance from it, e.g. 10 um, as a shown by Musevi¢ et al.

[182]. They showed the particle appeared to be attracted to a ‘ghost’ particle
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Table 7.5: Calculated values of the refractive index differences dne and dn,; the
differences between the particle’s refractive index n, and the extraordinary and
ordinary refractive indices of the chosen liquid crystals, ne and n,, respectively, as
given previously in Tables 3.2 and 3.3.

MLC-6609 MLC-6648

0ne = Np — Ne 0.0386 0.0443

Polystyrene (PS
(PS) ome=n,—n, 0.1163 0.1144

0Me = Np — Ne 0.0086 0.0143

Silica (SC
(5) Mo = np — N 0.0863 0.0844

where the laser beam had reorientated n or partially melted the LC. It was
achieved at a trapping power of 64 mW, close to but greater than the power
employed in passive microviscometry of MLC-6609. It is important to note, in

their experiments the particle refractive index n, > n. and n,.

The insertion of a wave plate, taking into consideration the dichroic mirrors
in the setup so as not to produce circularly polarised light, would allow investi-
gation into whether the trapping laser beam is causing the optical Fréedericksz
transition. Values of n for PS beads in MLC-6609 are also relatively small when
compared with trapping in water; 0.26. However, they are at least a factor of ~ 3
times larger than for SC beads in MLC-6648, even when considering the average

refractive index n.

Incidentally, the ordinary and extraordinary refractive indices of the chosen
LC materials provided by the manufacturer are determined for 589.3 nm and
at 20°C (Table 3.2, p. 98). As with the water—glycerol mixtures, it would be
advantageous to determine each LC’s pair of refractive indices at the trapping
laser wavelength; 1064 nm. This would therefore allow conclusive evaluation of
refractive index differences dn. Determining these as a function of temperature

would also be worthwhile.
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7.3.4 Particle tracking

It was often difficult to obtain a good quality
image of the particle in order to achieve ac-
curate particle tracking. An example of this
is shown in Fig. 7.12 for a 6 um PS bead
optically trapped in MLC-6609. The image
shows the particle before and after applying
a threshold to eliminate the background. In
such cases, the intensity at the particle centre

was insufficient to create a circular image with

Figure 7.12: Image of a 6um
PS bead optically trapped in MLC-
6609 before (left) and after (right)
a threshold has been applied for ac-
curate particle tracking.

a bright centre. Similarly, the particle often didn’t stand out from the background

due to the LC’s opacity, thereby reducing the illumination beam through the LC

cell.

7.3.5 LC cell geometry

As discussed, one possible reason for

discrepancies in 7.g is distortion of n;

Loy (—]
including the strength of the align- g;O @ Ll x

ment layer and the laser trapping

beam. However, the geometry of the ll iy § (Im (PRLE -3-3 Q v oz
ﬂ u 'y ﬂ El Y—y

LC cell and the particle’s location Q“O .8, LI

may also have an effect. Since the LC

cells are made of 18 mm X 18 mm cov- Figure 7.13: Director distortion of planar

erslips, their only support is provided

by the spacers, located far from the

(top) and homeotropic (bottom) LC cells
due to ‘dipping’ of the coverslip.

centre of the LC cell. Figure 7.13 illustrates how ‘dipping’ at the centre can af-

fect the components of viscosity experienced by the particle. For a planar cell |

a contribution is made to the z direction from any director ‘tilt’ in the z and y

directions, as shown to the right. For a homeotropic cell however, a contribution

is made to both the x and y directions due to any director tilt in the z axis.
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7.4 Summary

This chapter presented the results of active and passive microviscosity of two
liquid crystal mixtures; MLC-6648 and MLC-6609, using the escape force method
and the PSD method, respectively. The measured quantities provided evidence
of the difference in viscosity depending on the axes’ orientation relative to the
director 7. As expected, in all cases, nk > 77!3- Predictions were made for
a particle’s anisotropic escape velocity in three dimensions in both planar and
homeotropic cells of MLC-6609. A discussion was provided which takes into
account some of the factors affecting tweezing in anistropic liquid crystalline
media, including reorientation of the director by the trapping laser beam, surface

anchoring, cell geometry and accurate particle tracking.

Despite some discrepancies from both expected values of 7. in the literature
and those obtained with active microviscometry, the combination of laser tweezers
and power spectral density analysis provides an alternative method to obtain
accurate results for anisotropic viscosities in good agreement with previous work.
There is merit for further investigation into whether there is a simple insensitivity
of this method to the LC’s anisotropy or whether it is indeed obtaining different

local viscosities.
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Chapter 8
Conclusion and Future Work

This chapter aims to conclude and summarise the findings of the research carried
out and presented in this thesis. This is followed by suggestions of future work

with details of their possible implementation.

8.1 Research summary

The aim of the research presented in this thesis was to use laser tweezers to investi-
gate the microfluidics of both simple and isotropic systems, and anisotropic liquid
crystalline systems. At the start of the conducted research, several methods were
available for investigating anisotropic systems, including the passive method of
observing the power spectral density of the Brownian motion of optically trapped

colloids.

Prior to any measurements in anisotropic systems, it was important to cal-
ibrate the laser tweezing system; power, position and trap stiffness specifically,
and then characterise its performance in well understood systems. The inher-
ited laser tweezing system employed optical particle tracking with the use of a
quadrant photodiode. However, with a view to extending the system to multi-
trapping with holographic optical tweezers (HOTs) and increasing the speed of
measurement, and analysis, high-speed video microscopy was employed for imag-
ing and particle tracking. The virtual instrument software, LabVIEW [254], was

employed to acquire and analyse data in real time, also allowing data export.
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Three dimensional trap stiffness calibration was performed using both active
and passive techniques. The passive techniques were divided into time and fre-
quency domain analysis. The acquisition of an optically trapped bead’s trajectory
and analysis in the time domain allowed calculation of x from the equipartition of
energy theorem. This method does not require the host medium’s viscosity to be
known a priori. Fourier transformation of the position fluctuation data allows x
to be calculated using frequency domain analysis, which provides additional de-
tails about the experimental conditions, including sources of noise and vibration

and any issues with alignment of the optical trap.

The active viscous drag force method was employed in two dimensions to com-
pare with the passive calibration techniques. All results compared well with one
another. An attempt was also made to quantify factors affecting laser tweezing
experiments and their impact on k. These included the proximity of a surface
to the optically trapped particle, spherical aberration of the optical trap due to
the mismatch between the coverslip surface and the host medium i.e. water, and
particle size and refractive index. The results showed fairly good agreement with

the theory and experimental data in the literature.

The laser tweezing system was then used for microviscometry; measurements
of small changes in viscosity. The active and passive methods of calibration were
employed as measurement techniques also. The chosen system for investigation
were water—glycerol (WG) mixtures with varying glycerol mass fraction since the
viscosity of the mixture in relation to glycerol concentration is well characterised.
The mixtures exhibit Newtonian fluid behaviour meaning viscous forces dominate

over elastic forces and the fluid’s viscosity can be described by Stokes’ law.

The results of microviscosity for four WG mixtures with mass fraction 10 <
®,, < 0.75 followed the expected trend of increasing viscosity with glycerol con-
centration in agreement with theoretical predictions |285]. In addition, the re-
lationship agreed well with experimental data presented in the literature which
also employed laser tweezers |77, 284, 287]. However, there was some indication
of laser-induced heating with a magnitude greater than expected; on the or-
der of 10°C, when compared with both theoretical predictions and experimental
data [289]. Changes in k were also observed between the different WG mixtures,
where the change was accounted for due to the decrease in refractive index dif-

ference between that of the particle and the mixture as glycerol concentration
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increased. Again, this agreed well with the literature [284].

Finally, both active and passive microviscometry were employed to probe the
anisotropic viscosity of two LC mixtures. Using laser tweezers provides the op-
portunity to perform experiments in both the low Reynold’s and Ericksen number
regimes. This therefore means viscous forces dominate allowing the medium vis-
cosity to be described by Stokes’ Law and any distortion of the LC director n is

considered negligible.

PSD analysis and escape force experiments were performed to observe the
dynamics of optically trapped beads to infer the viscosity in directions parallel
and perpendicular to the liquid crystal director n. The anisotropic nature of the

particle dynamics provided evidence of the anisotropic viscosity exhibited by LCs.

Effective viscosity coefficients of each LC mixture relative to n; across and
along it, 72 and n!ﬁ, respectively, were determined using the active and passive
methods. LC cells with planar and homeotropic alignment were used where, as
expected, the viscosity experienced by an optically trapped bead was greater

along rather than across 7; such that nl; > 77(!3.

The values of 7.¢ determined in this work for MLC-6648 were in good agree-
ment with values quoted in the literature, which had also been determined using
laser tweezers [167]. The values also compare well with the flow viscosity, pro-
vided by the manufacturer [244]. However, some disparity existed between the
two different techniques and also between planar and homeotropic cells. The
associated values of k seemed to deviate from what is expected and also infer a

higher trap stiffness than measured in water for an equivalent trapping power.

A passive method only was used to determine 7 and n!ﬁc for the mixture
MLC-6609 where the Miesowicz coefficients for this mixture have been deter-
mined in the bulk using a shear flow method and presented in the literature [189).
Although the results deviated from the aforementioned work, the values deter-
mined in this work correspond to local viscosity values in the low Ericksen number

regime, whilst theirs were not.

Again, corresponding values of x suggest the particle is experiencing a greater
trap strength in the LC than for the same optical trapping power in water. A
discussion was given on possible reasons for the overestimation of x, which in-

clude particle tracking and analysis, an overestimation of sample temperature at
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low trapping powers Py and regions of poor alignment due to the LC cell being

handmade.

Also given are predicted values of the escape velocity for an optically trapped
particle in MLC-6609. These values are determined using known quantities and

theoretically calculated values of the lateral and axial trapping efficiencies.

Measurement of nk and n!ﬁ also provides a measure of the anchoring of n at
the particle surface as given by the ratio nk /ngﬁ. The observation of chain-like
structures in LC cells with planar alignment suggested weak hometropic anchor-
ing and, thus, the presence of a Saturn-ring defect. This was visible in planar
samples where the Saturn-ring itself could be tweezed and the bead appeared to
be tethered. For strong and weak homeotropic anchoring this ratio is 2 and 1.3,
respectively. Calculated values for planar cells of both LC mixture suggest strong
homeotropic anchoring, although the transition between the two is a continuum.
The values of the effective viscosity ratio in the homeotropic cells suggests a de-
gree of homeotropic anchoring at the particle surface, which is expected at the

poles, although planar alignment may be expected.

Finally, factors affecting laser tweezing in L.Cs were discussed. These included
the creation of high-index regions around the particle and reorientation of n due
to the trapping beam creating attractive regions. This results in the particle
being pulled into the trap from some distance away. Such an effect allows op-
tical trapping in a situation which would ordinarily be considered unachievable;
i.e. when there is an insufficient refractive index contrast between particle and
medium. Also, an insufficient intensity distribution of the optically trapped bead

has an effect on particle tracking and thus, on measured values of 7.

8.2 Conclusion and relevance

Some important conclusions can be drawn from the work carried out. Within
the limitations of the equipment, funding and time available, the results obtained
during the project indicate the laser tweezing system is suitable for detecting
microscopic changes in viscosity. The results also indicate a system capable of in-
vestigating anistropic particle dynamics, specifically to study anisotropic viscosity

of liquid crystalline media.
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The combination of PSD analysis and high-speed video microscopy has pro-
vided a fast method of observing the microfluidics of isotropic and anisotropic
systems. Alternatives include combining active and passive techniques, or opti-
cally rotating particles to perform microviscometry |77, 287|. The speed of data
acquisition and analysis used in this work may have come at the expense of high
precision and accuracy. Considering this trade-off, video microscopy could be
thought of as less favourable than optical based imaging, using a quadrant pho-
todiode, for example. The choice of imaging method is a trade-off between a
‘plug-and-play’ system and extra effort in terms of alignment, with considerable

attention paid to the desired precision and accuracy.

Many naturally occurring materials possess anisotropic characteristics, includ-
ing biological systems, such as cell membranes and lipids. The study of their
anisotropic behaviour could have far-reaching consequences, including medical
diagnostics. Laser tweezers continue to receive increasing research interest and
investment where the technique can be implemented with an Apple iPad, and
all other necessary components, of course [28]. Laser tweezing research in liquid

crystals is relevant to the progression of switchable display technologies.

8.3 Future work

The work carried out in this thesis highlights a number of areas for further in-
vestigation. This section will discuss future work and some suggestions for their

implementation.

8.3.1 Laser tweezers

Improvements were made to the inherited laser tweezers system, most notably
incorporating a high speed CMOS camera to image and track optically trapped
colloids. There are still some areas which would benefit from improvement by

upgrading the optical components, as shall be detailed herein.
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Optical setup

To optimise optical trapping, the optical setup could be improved with some
of the following changes. The inclusion of an aperture at the focal point of
the beam expander would provide spatial filtering to improve the quality of the
radial intensity profile of the output beam. The aperture should have a radius
approximately equal to that of the Gaussian beam at the focus of the beam
expander [297].

Eliminating the periscope from the optical setup might reduce additional de-
viations of the trapping beam therefore improving alignment, in addition to im-
proving laser safety. This could be achieved with the addition of an elevated
breadboard to bring all optics to the correct height in order to enter the back

port of the microscope at 15.5 cm without the necessity for a periscope.

Of great importance in microscopy is the delivery of the illumination beam,
especially for achieving optimum image quality, resolution and contrast. This is
of particular relevance to the work in this thesis which utilises the illumination
beam for particle tracking and is reliant on a particle with good contrast to the
background. Brightfield imaging was used for the work in this thesis, which
provided sufficient illumination. However, Kohler illumination is significantly
superior, providing uniform sample illumination and allowing for contrast and
resolution control [259, 298].

The combination of condenser and microscope objective used in this work
were not compatible for successful Kohler illumination. More specifically, the
Leica S70/0.30 condenser provided brightfield illumination for microscope objec-
tives between 0.25x and 40x without the need for a field diaphragm. The 100x
microscope objective chosen for this work and, in fact, necessary for optical trap-
ping therefore falls outside this range. Unfortunately, Kohler illumination was
not possible for the S70/0.30 condenser and as such, the field diaphragm needed

to achieve this type of illumination was not supplied with the Leica microscope.

The choice of condenser also plays a significant role for image quality. Choos-
ing a condenser lens with a numerical aperture which closely matches that of the
microscope objective, for example, would greatly improve the resolution of the
image [259]. Other condensers available with the Leica microscope; S23/0.53 and

S1/0.90 would allow brightfield illumination with objective magnifications from
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5x and 10x, respectively, upto 100x. These condensers would also allow for

Kohler illumination with the inclusion of a field diaphragm.

It would be advantangeous to detect particles which are displaced from the
optical trap centre. One way to achieve this is through the use of a Wollaston
prism, which consists of two orthogonal prisms cemented together such that their
optic axes are perpendicular. The prism creates a pair of orthogonal, linearly
polarised beams from randomly polarised light. Wollaston prisms have been used
to create multiple optical traps and, in conjuction with a quarter-wave plate,
to create two circularly polarised traps; one left, one right [74]. However, with
reference to this work, one could use two Wollaston prisms to allow differential
interference contrast (DIC) imaging® where the two beams are recombined and
interfere, having travelled different optical path lengths. The resulting interfer-
ence pattern gives a 3D relief appearance corresponding to the optical density
of the sample to emphasise features, e.g. particle edges, but is not topographi-
cally accurate. If the particle is centred in the optical trap, the output beam will
match that of the input beam. If, however, the beam is off-centre, a phase lag is
introduced between the two beams to produce elliptically polarised light, where

the degree of ellipticity gives a measure of the particle’s displacement.

Integrated microscopy

The laser tweezing system is built around a commercially available optical mi-
croscope which is particularly useful if looking at biological samples. However, it
does limit access to the trapping beam and can make aligning the trapping beam
with the back aperture of the microscope objective difficult. A custom-built
laser tweezing system, where all optical components are accessible — specifically
for alignment purposes — might streamline the setup and alignment procedure.
However, a commercially available system often has increased stability in com-
parison to a custom built setup, which should be a significant consideration when

observing a particle’s Brownian motion.

* Similar to phase contract imaging with the exclusion of a diffraction halo.
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High-speed particle tracking

The CMOS camera used in this work to perform high-speed video microscopy
can achieve kHz frame rates. However, that depends on the region of interest
and is often not easily achieved in reality. Faster cameras have been employed
with frame rates on the order of 10,000 frames per second [299]|. The achievable
frame rate of the camera, and crucially the practically achievable frame rate
for the setup concerned compared with what is theoretically possible, should be
thoroughly considered. More specifically, evaluating whether acquisition frame
rate plays a role, possibly producing erroneous results suggested by this work, is

crucial for video-based microscopy.

8.3.2 Multitrapping

The laser tweezing system had the potential for multi-trapping via time-sharing
of the trapping beam with galvanometer-controlled mirrors. However, an alter-
native and popular method for generating multiple traps involves using a spatial
light modulator, essentially a computer controlled diffractive optical element, and
computer generated holograms to individually address multiple optical traps with

ease and at significant speeds e.g. ~ 100 traps at 100 Hz [69].

A significant consideration in the use of a SLM is the expense; some of which
can be in excess of £15,000. However, this is considered a reasonable sacrifice
considering the breadth of application of a SLM. In addition to multiple laser
tweezers, they also offer the opportunity to create different and novel beam shapes
including Laguerre-Gaussian. Thus, allowing the transfer of orbital angular mo-
mentum to induce particle rotation. Aberration correction can also be achieved
with an SLM.

A suggested route of investigation for this project was the use of a SLM to
create multiple optical traps in order to study two-bead cross correlation interac-
tions. Specifically, this would have shed light on the interaction between colloids
dispersed in liquid crystalline media due to the attractive and repulsive forces

due to distortion and alignment of the director at the particle surface.

As an aside, multi-trapping can also be used to verify good calibration, by

observing the cross-correlation of the motion of a trapped particle in the x and y
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Figure 8.1: The holographic optical tweezers (HOTs) system: 1064 nm wavelength
trapping laser (TL) and variable neutral density filter (NDF). Beam expansion
lenses (L1,1.2) and directing mirror M1 to direct trapping beam onto phase only
spatial light modulator (SLM) controlled using Apple MAC. Lenses L3-L6 direct
the trapping beam into the inverted microscope. Microscope optics and Visual
tracking system are the same as in Fig. 4.1 (p. 104).

directions. The resulting function should be independent and as such, no corre-

lation between their motion should exist.

A brief investigation into the use of a SLM with this laser tweezing system was
performed. This provided a feasibility study of its integration with the current
system, in terms of alignment, optics and footprint, and also the ease with which

holographic optical trapping could be implemented.

The fundmentals of HOTs are rooted in holography which conventionally
works by interfering a reference wave with one scattered from a three-dimensional

object to create a hologram which preserves the phase and amplitude informa-
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Table 8.1: Focal lengths for all lenses used in the holographic optical tweezers
(HOTs) setup shown in Fig. 8.1.

Lens Focal length [mm)|

L1 f 25.4

L2 fo 200
HOLOGRAPHIC L3 f3 25.4
OPTICAL L4 f 200
TWEEZERS L5 fs 60

L6 fs 175

tion of object and you are, thus, able to reconstruct it in three dimensions. Using
a SLM, it is possible to produce amplitude and phase-only holograms, which
affect only the amplitude or the phase of the the incoming beam, respectively.
Computer-generated hologram is employed, where there is no object. Instead, the
desired image is known, e.g. multiple traps, and so the diffracting object required

to create this image is created.

The SLM display consists of nematic liquid crystal pixels, each of which mod-
ulates the phase of the light reflected from it. The phase-only pattern displayed
on the surface of the SLM is called a kinoform, where complex arrangements can
be calculated to generate many discrete traps [300]. As shown in Fig. 8.2, it is
often necessary for the angle of incidence of the incoming beam be as small as
possible (preferably < 10°), to ensure (i) the maximum amount of light exits each
pixel and (ii) the light interacts with the liquid crystal in the correct orientation.
It is imperative to carefully consider the algorithm chosen for kinoform calcula-
tion; this is a trade-off between the kinoform’s optical efficiency and computation
time [301].

Figure 8.2 illustrates the basic optical process for generating multiple optical
traps with an SLM; a computer-controlled diffractive optical element. The pro-
posed and built setup is shown in Fig. 8.1 and the focal lengths of the chosen
lenses are given in Table 8.1. For further details on HOTSs, the reader is directed

toward references [62, 63].

The chosen SLM was a reflective, pure phase Hamamatsu [302] LCoS-SLM'

X10468-03 and was integrated into the original laser tweezers setup to modulate

t LCoS: Liquid crystal on silicon
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Figure 8.2: Holographic optical tweezers (HOTs) employ a spatial light modula-
tor (SLM) to generate multiple, individually-addressable optical traps using com-
puter generated holograms. The spatial light modulator (SLM) creates individually
adressable optical traps in the sample plane (SP) by focussing the orders created in
the imaging plane (IP) onto the back focal plane (BFP) of the microscope objective

(OBJ) using a set of lenses (L1,L2).

the wavefront of the trapping laser beam. It was chosen for its suitability for the

laser’s operating wavelength (1064nm), high light utilisation efficiency (95 %)

and high damage threshold, which significantly exceeds the power in this system

(1W).

It was possible to control the SLM
using software supplied by Hamma-
matsu or using custom programs writ-
ten in LabVIEW. A single optical trap
was achieved and successful optical
trapping achieved in a microfluidic
channel as shown in Fig. 8.3. Typ-
ically, microfluidic devices or ‘chips’
are made using PDMS or PMMA
where channels are either directly
milled into the solid polymer with
a computer controlled milling ma-
chine with drill dimensions down to

~ 100 um. Alternatively, if a number

Spm

Figure 8.3: Optically trapped 2 pum
polystyrene bead in distilled, deionised wa-
ter using holographic optical tweezers gener-
ated with a spatial light modulator (SLM).
The trapped bead is approximately 12r
from the wall of the microfluidic channel
(left).

of copies are required, a metal template is first fabricated, into which a liquid

polymer is injected the liquid polymer, known as injection moulding. In both

cases, the channels are usually sealed with an adhesive layer. A ‘true’ microflu-

idic device has at least one dimension less than 1 mm [303].
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8.3.3 Liquid crystals

There is considerable scope of future work for investigating liquid crystals with
laser tweezers. The suggestions made here are those which are practical with the
current laser tweezing system or with some enhancement, and would provide a

positive contribution to a selection of research areas.

To further understand the effect the trapping beam has on the liquid crystal,
specifically the director, one could introduce a wave plate, taking into consider-
ation the dichroic mirrors in the setup so as not to produce circularly polarised
light. This would allow investigation into whether the trapping laser beam is
causing the optical Fréedericksz transition which either reorientates the director
or melts a region of the L.LC and thus, could be facilitating trapping which would
otherwise be forbidden [176, 182, 183].

In microrheology and laser tweezers, some consider passive techniques inferior
to active techniques. If the optical trap remains stationary, the particle can be
continually released and re-trapped without indication, thus producing erroneous
results. Any effect this may have had on the results presented in this thesis can
be investigated further by combining active and passive techniques. For example,
Guzman et al. |287| measured the power spectral density of optically trapped
particles under the application of an oscillatory viscous drag force, where the
frequency peak was proportional to the viscosity of the media surrounding the
trapped particle, in this case, water-glycerol mixtures. This method may also be

applicable to colloids dispersed in LCs.

Similarly, to assist characterisation of surface anchoring at the LC-colloid
interface, one could introduce crossed polarisers to observe the liquid crystal sur-
rounding the trapped particle. This could also be expanded to observe particle
interactions in liquid crystals where multi-trapping with HOTs (as described in
Section 8.3.2) provides a suitable method of doing so. Understanding the interac-
tion between particles dispersed in liquid crystals has potential for self-assembled

devices, topological soft materials and applications in photonics.

It would be advantageous to extend the range of liquid crystal mixtures stud-
ied in this work where MLC-7023, manufactured by Merck, also meets the criteria
for achieving efficient laser tweezing, with a birefringence An = 0.0609, dielectric

anisotropy Ae = 7.9 and clearing temperature 7, = 79.5°C. Unfortunately, the

Jennifer Louise Sanders 201



CHAPTER 8: CONCLUSION AND FUTURE WORK

flow viscosity is now quoted, therefore potentially making comparison measured
viscosity values different. Preliminary investigations were performed with this
LC mixture where it was found to be difficult to align and evidence suggested the

addition of colloids may have caused some variation in T¢.

The results presented in this thesis could be further enhanced by observing the
effects of temperature, trapping beam polarisation, trap depth and cell thickness,
and their effect on LCs. It would be possible to use, for example, a Linkam
THMS600 heating and freezing controlled using a TMS 93 temperature controller
would be a suitable candidate for temperature control of L.C cells, specifically in
an inverted arrangement in line with that of the microscope. However, it should
be noted that immersion oil is inversely proportional to temperature which should
be accounted for with any heating or cooling of the sample. In addition, to prevent
any damage to the microscope objective, the temperature range for investigations
should be limited to an appropriate range. For the Leica microscope objective

using in this work, 0-60 °C would be suitable.

There are some other interesting applications which nominate areas for inves-
tigation. Carbon nanotubes offer great promise for novel light-weight composites
which are superstrong. However, they are required to be well dispersed and prefer-
ably, be aligned within the composite. Choosing liquid crystals as the dispersive
media provides a very effective method for imposing their organisation [304, 305].
Therefore, trapping of carbon nanotubes may provide insight into these structures

including their interaction with one another when dispersed in a LC.
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Appendix A

Optical Alignment

It is imperative to obtain good alignment of the trapping beam and thus, the optical trap
itself, so as to avoid any trap anisotropy which will affect results. Aberrations, such as
spherical aberrations, astigmatism and coma, will limit the trap stiffness obtainable. Lee
et al. [306] detail the construction and calibration of a laser tweezers system integrated
with a fluorescence microscope. For comparison, this appendix details the expected

images when the laser tweezers system used in this thesis is well aligned.

A.1 Alignment procedure

This section details the alignment procedure of the laser tweezing system used in this

thesis, as shown in Fig. 4.1 on p. 104.

1. Remove all lenses from the optical beam path. Removing lens L4 will significantly
improve the liklihood of achieving successful alignment. For this, the back of
the microscope can be removed* and lens L4 can be unscrewed and removed

completely.

2. Setup a periscope to obtain an optical beam height of 15.5cm (not shown in
Fig. 4.1).

3. Setup the beam steering mirrors (static or galvo-mirrors) to direct the laser trap-

ping beam into the back port of the inverted optical microscope.

* Take care if removing the back of the microscope as the electronics for the microscope are
housed here.
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4. Use minimal laser power to verify constant beam height and no horizontal devi-
ations throughout the optical beam path using an IR card reader and/or an IR

viewfinder.

5. To verify correct vertical and horizontal alignment (again, using minimal power),
an auxiliary mirror can be placed at the location where the microscope objective
screws into place (into one of the holes of the revolving sextuple nosepiece) and
above the closed aperture! immediately above the condenser lens. The reflection
of the laser beam from this auxiliary mirror is directed towards the CMOS camera
at the side port to allow observation of adjustments in real time. Ensure the
laser beam hits the centre of the mirror at each point it is placed in the optical
beam path. It is also possible to place the CMOS camera at the top port of the
microscope, also using the Leica 0.5 x HC TV adapter, for additional alignment
verification. Remember, the side port slider (right hand side of the microscope
body) should be in the appropriate position for directing the laser beam to either
the side or top port; ‘ON’ and ‘OFF’, respectively.

6. Reinsert each lens individually and re-align the beam as in step 4, where it is
advantagous to start with lenses L4 and L3 (the beam expander) in this order.
For laser safety purposes, be aware of where each lens brings the beam to a focus.

Some useful points to note:

> Lens 1.4 is mounted within a threaded tube with a length of 4.5 cm, thereby
allowing its position along the optic axis to be adjusted by unscrewing it
from the back of the microscope. For the beam expander to produce a
collimated beam, the distance between lenses .3 and 1.4 should be the sum

of their focal lengths; 235 mm.

> Replace the back of the microscope and fine-tune the distance between

lenses L3 and L4 using the micrometer stage on which L3 is mounted.

7. Ensure the trapping beam after the beam expander is collimated and correctly ex-
panded to slightly overfill the back aperture of the microscope objective (& 5 mm).
This can be problematic as the beam is now directed upwards after being reflected
by the dichroic hot mirror (DM).

8. Finally, insert the microscope objective and an isotropic sample, e.g. water (with

or without beads), to observe the trapping beam in the sample plane.

t The mirror is likely to drop through the aperture if it is open.

Jennifer Louise Sanders 232



APPENDIX A: OPTICAL ALIGNMENT

> Figure A.1 shows images of a slightly aberrated laser trapping beam fo-
cussed at the coverslip-water interface (top) and at increasing trap depths
Z7, with and without the illumination beam. The aberrations present
are spherical, coma and astigmatism. Further adjustments to the opti-
cal alignment would produce a diffraction-limited spot, completely free of

aberrations. See reference [306] for further details.

> Figure A.2 shows images of a 6 um PS bead optically trapped at Pp =
122 + 3mW using the slightly aberrated beam shown in Fig. A.1. The

v Laser v Laser
v Illumination X Illumination

Figure A.1: Images of the laser trapping beam focussed at the coverslip-water
interface (top) and at increasing trap depths; Zt = 1,5, 10, 15 pm, with and without
the illumination beam. The scale bar represents 5 um.
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sequence shows the trapped bead close to the coverslip-water interface and
at incerasing trap depths, with alternative combinations of illumination and

trapping beam visible.

X Laser v Laser v Laser
v Illumination v Illumination X Illumination

Z7r =1um
Z7 =5um
Zp =10 um
Z1 = 15um

Figure A.2: Images of a 6 um PS bead optically trapped at Pr = 122 + 3mW
close to the coverslip-water interface at a trap depth of 1 um, and at increasing trap
depths; Zt = 5,10, 15 um, with alternative combinations of the illumination and
laser trapping beam visible. The scale bar represents 5 pm.
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Royal Society Discussion Meeting
Paper

This appendix includes a proof of the discussion meeting paper associated with Royal
Society Discussion Meeting, New frontiers in anisotropic fluid-particle composites in
June 2012. The paper, entitled ‘Pushing, pulling and twisting liquid crystal systems;
exploring new directions with laser manipulation’, will be published in a future issue of
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engi-

neering Sciences.
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Pushing, pulling and twisting liquid crystal systems;
exploring new directions with laser manipulation

JENNIFER L SANDERS, YIMING YANG, MARK R DICKINSON AND HELEN F GLEESON *

School of Physics and Astronomy and The Photon Science Institute,
The University of Manchester, Manchester M13 9PL, UK

Optical tweezers are exciting tools with which to explore liquid crystal systems; the motion of
particles held in laser traps through liquid crystals is perhaps the only approach that allows a low
Ericksen number regime to be accessed. This offers a new method of studying the microrheology
associated with micron-sized particles suspended in liquid crystal media — and such hybrid systems
are of increasing importance as novel soft-matter systems. This paper describes the microrheology
experiments that are possible in nematic materials and discusses the sometimes unexpected results
that ensue. It also presents observations made in the inverse system; micron-sized droplets of liquid
crystal suspended in an isotropic medium. Also touched upon are the remarkable light-induced
changes in chirality that result in a micron-sized opto-mechanical transducer.

Keywords: Optical tweezers; liquid crystals; microfluidics; microrheology; viscosity

1. Introduction

Trapping and moving micron-sized particles in liquid crystals has provided a unique way of study-
ing some of the fundamental properties of colloidal liquid crystal systems. In particular, this
experimental approach allows the study of forces between colloidal particles in liquid crystals, the
measurement of elasticity of defects, and the anisotropic viscosity coefficients of liquid crystals in
the low Ericksen regime (in which the director configuration is considered not to be influenced by
the particle motion) to be deduced. Rather few nematic materials have been studied using this
approach, but we describe the viscosity coefficients that have been deduced for two different mate-
rials. There are two main methods of measuring viscosity; either through the release of a particle
from a trap which moves at different speeds, or from an analysis of particle tracking via a power
spectral density measurement.

The inverse experiment, in which micron-sized liquid crystalline droplets are held in laser traps
with specific polarisation properties, allows the transfer of angular momentum to the droplets.
A torque is imparted to a birefringent particle held in an optical trap through the phase shift
experienced by the transmitted light. Fast, optically driven switches, rotating at speeds in excess
of 1kHz, can readily be produced from nematic droplets held in a circularly polarised beam. This
paper examines some of the unexpected observations caused by nonlinear interactions of the liquid
crystalline material with the trapping field. However, we have also shown that a chiral nematic

*Author for correspondence (helen.gleeson@manchester.ac.uk)
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droplet can, in some special circumstances, undergo continuous rotation in a linearly polarised trap,
a phenomenon that is the result of optically-induced changes in chirality of the system. We touch
on this remarkable effect, which results in an optically driven transducer.

2. Laser manipulation

Optical trapping, as a means to manipulate and study micron-sized dielectric particles, has ad-
vanced significantly since the first steps towards the technology were taken more than 40 years ago
by Arthur Ashkin [1]. Since the successful demonstration of the first single-beam optical trap for
dielectric particles by Ashkin et al. in 1986 [2], ‘optical tweezers’ — the popular name when referring
to optical trapping — have become one of the most popular techniques employed for manipulating
such particles and determining their characteristics, resulting in the proliferation of further inno-
vative optical trapping technologies. The range of optical tweezing applications is rapidly growing,
with the current focus on biological and microanalytical systems as well as the integration of optical
tweezers with already well established investigative techniques [3].

The scope of achievements with optical tweezers continues to grow as the technique progresses
alongside and in partnership with contemporary technology. The technique has seen phenomenal
interest; at the time of writing, Ashkin’s 1986 paper [2] had been cited more than 2,300 times!
In addition, there have been several publications geared towards undergraduates understanding
and experimenting with optical tweezers [4-6], illustrating the acceptance of the technique into
mainstream optics.

At the start of 2011, a publication detailed the use of an Apple iPad — a thin, tablet computer
controlled via a multi-touch display — to control multiple particles with laser tweezers [7], known as
the iTweezers interface. At the end of 2011, researchers in Germany developed a microscopic heat
engine; a Stirling engine, whose piston mechanism is powered by an optically trapped particle [8].

(a) Basic principles

The magnitude of the force exerted by a laser beam with power P travelling through a medium
with a refractive index 7 is given by

P ?Q(an) (2.1)

where @ is the optical trapping efficiency; a dimensionless constant of proportionality which can
be thought of as the fraction of incident power used to exert an optical force. @ accounts for
beam parameters, such as spot size, wavelength, and beam profile; and optical properties of the
trapped particle, including its size, shape and mass, and refractive index relative to the surrounding
medium, on [9-11]. In the case of liquid crystals, 7 is an average refractive index of the ordinary
and extraordinary refractive indices, n, and n., respectively, given by n = /2n2 + n?2/3.

An optical trap is analogous to a Hookean spring where the particle behaves like an overdamped
harmonic oscillator for small displacements and the optical potential is harmonic about the equilib-
rium position. The optical restoring force in one dimensions if given by Fr = —kx, where & is the
optical trap stiffness, and is analogous to the spring constant [4]. As such, Fr acts to counteract
the particle’s displacement and restore it to an equilibrium position at the centre of the optical
trap.

http://mc.manuscriptcentral.com/issue-ptrsa
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(b) Optical setup

OCoO~NOOUODWNPE

10 The optical layout for all experiments, built around a commercially available Leica inverted optical
microscope, is shown in figure 1, which can be divided into five components; (a) optical tweezers,
(b) microscope optics, (¢) illumination, (d) visual tracking and (e) photodetection systems.

(¢) Ilumination system

1

6o

IL

CAM

(e) Photodetection system

29 s Trapping beam
30 Illumination beam

L3

40

CMOS
G1 MAC El

(a) Optical tweezers : | ————— (d) Visual tracking system :

45 Figure 1: (Online version in colour) A schematic of the optical setup split up into five components. (a) Op-
46 tical tweezers: 1064 nm wavelength trapping laser (TL), beam expansion and beam steering lenses (L1-L4),
47 and galvanometer-controlled mirrors (G1,G2) with computer control. (b) Microscope optics: A dichroic
48 mirror (DM) directs the trapping beam to the 100x oil-immersion microscope objective lens (OBJ) with nu-
49 merical aperture NA = 1.30. The trapping beam is tightly focussed into the sample attached to a translation
50 stage (TS). The axial position of OBJ can be altered using a manual focus control or joystick. (c¢) llumina-
51 tion system: The illumination beam (IL) is directed to the sample via a condenser lens (CO). Both trapping
52 and illumination beams are directed towards a viewing eyepiece and camera (CAM). (d) Visual tracking
53 system: For dielectric particles dispersed in liquid crystal, a CMOS camera is linked to an Apple Mac for
54 high-speed imaging and particle tracking. The Mac is also used for controlling the lateral position of T'S
55 and the axial position of OBJ. All control software is written in LabVIEW. (e) Photodetection system: a
56 quarter-wave plate (QWP), two linear polarisers (P1,P2) and photodetector (PD) are used for detection of
57 liquid crystal droplets. An amplifier (AMP) and discriminator (DMR) circuit connects the system to a PC
58 for data acquisition. The illumination and photodetection systems are interchangeable, denoted by arrows.
59 See text for further details.
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The optical trapping system employs a diode-pumped solid-state, Nd:YVO, laser operating
at a wavelength of 1064 nm. The optical trap is created by tightly focussing the trapping beam,
achieved using a microscope objective with a high numerical aperture NA of 1.30. A dichroic mirror,
which selectively reflects radiation above 700 nm, directs the trapping beam towards the objective.
The position of the beam in the trapping plane is controlled using galvanometer-controlled mirrors
(G1, G2) and the position of the optical trap focus is controlled using stepper motors. The trapping
beam is expanded to slightly overfill the back aperture of the microscope objective to ensure the
maximum gradient force is produced at the centre of the optical trap.

The sample is illuminated using a 100 W halogen bulb directed through a condenser lens. The
sample can then be imaged using a digital camera, TV monitor and PC monitor or the human
eye. The sample plane can also be imaged via a CMOS camera, EC 1280 manufactured by Prosil-
ica (now Allied Vision Technologies) and an Apple Mac laptop screen which comprise the visual
tracking system used for high-speed particle tracking. High-speed CMOS cameras can record the
positions of multiple particles in real-time simultaneously, offering frame rates reaching several kHz
by controlling the field of view, and are relatively low-cost. They also provide an accuracy reaching
the thermal limit [12]. Programs were written in LabVIEW to track particles and perform real-time
analysis.

The illumination system can be replaced by the photodetection system, developed to detect
and characterise the rotation of optically trapped liquid crystal droplets. The system consists of
two linear polarisers (P1, P2) optimised for 1064 nm, and a photodetector. The first polariser P1
is placed in the optical train prior to the sample to generate an optical trap with a high degree of
linear polarisation. An amplifier and discriminator circuit connects the system to a PC where the
LabVIEW interface is used for measuring light transmitted through the droplet. A quarter-wave
plate (QWP) can be inserted to measure the Stokes’ parameters.

3. Anisotropic viscosity in liquid crystals

Defining LC characteristics plays a particularly significant role in improving LCD technologies [13].
For example, determining a twisted nematic LC’s rotational viscosity coefficient or describing fluid
flow, or ‘back-flow’, effects [14] are critical for improving LCD efficiency since they influence the
device’s response times. Computer models for predicting back-flow effects often require several
anisotropic viscosity coefficients, termed ‘back-flow coefficients’, which can be determined via their
relation to shear viscosity coefficients measurable in classical flow experiments [14, 15]. The effect
of back-flow has itself been employed to optically trap colloids [16], illustrating that progress in
understanding both LC back-flow and optical trapping in LCs can be mutually beneficial.

In the past, viscosity coeffcients have been determined by studying LC flow through a capillary
via the application of a magnetic field and observing pressure differences [17, 18]. Pasechnik et
al. [15] employed a decay flow method; inducing shear flow with optically controlled pressure
differences, to determine back-flow viscosities for the LC mixture MLC-6609. For the majority
of new LCs generated for LCD technology, research often focuses upon determining LC refractive
indices whilst other quantities, including viscosity coefficients, remain unknown. Ignoring such
back-flow effects in LCDs allows poor prediction of their functionality and limits progress.

Established techniques of liquid crystal research conduct macroscopic investigations since they
examine the bulk liquid crystal. Therefore, there is a strong call for microscopic, local investigations.
Research involving LC-colloidal dispersions expands the knowledge and understanding of LCs and
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their anisotropic nature.

As in isotropic fluids, viscosity in LCs can be determined by observing the viscous, or Stokes,
drag experienced by a particle moving through a fluid [19-21]. The Stokes drag is highly non-linear
for particles in a nematic solvent; the colloid (acting as a quadrupole) finds it easier to diffuse
parallel to 7 than perpendicular to it [22, 23]. Further research by Verhoeff et al. [24] quantised
this direction-dependent Stokes drag. They demonstrated that for a colloid moving through a
nematic LC, the viscous drag parallel to n was larger than the drag perpendicular to 7 by a factor
of two. Gleeson et al. [20] employed the viscous drag technique with optical tweezers to measure
the effective viscosities of LC mixture MLC-6648 for motion parallel and perpendicular to it. The
values allowed inference of the anchoring strength of colloidal particles within the LC mixture which
was in good agreement with prediction.

Passive methods of determining liquid crystal viscosity, such as observing the anisotropic Brow-
nian motion of colloids in liquid crystalline media by analysing associated power spectra in the
frequency domain, have remained largely underrepresented in the literature until recently [25]. Ex-
ploration is warranted into the idea that passive methods could be employed to understand and
characterise the behaviour of viscoelastic media, including LCs.

The relationship between n and the nematic LC’s fluid velocity, termed ‘nematodynamics’, is
described by the Ericksen-Leslie equations which include five independent Leslie coefficients «;
where ¢ = 1,2,...5. Solutions to these equations are paramount for determining LCD switching
times. These are typically calculated by determining effective viscosities in shear flow experiments;
applying shear to a LC sample cell, in which 7 is aligned electrically or magnetically.

The effective viscosity 1, of a LC medium is given by
7(6, $) = n1sin? @ cos? ¢ + 13 cos? § + 3 sin? f sin? ¢ 4 112 sin” § cos? § cos? ¢ (3.1)

where the three principal anisotropic viscosity coefficients, 11, 172 and n3 are also known as the
Miegsowicz viscosity coefficients, and are concerned with back-flow effects in a LC and thus, switching
times of an LC device. Here, 12 is the anisotropic viscosity coefficient associated with 7 not being
parallel to either shear flow v or its gradient Vv. Figure 2 illustrates the definition of effective
viscosity in terms of 7 relative to v and Vu.

In a 3D scenario, the aniostropic viscosity coefficients 71 and n3 occur simultaneously and are
inseparable, so are given by effective viscosity néﬁ whilst 79 is given by ngﬂ.

Figure 2: Orientation of the LC director n relative to the flow velocity v and flow velocity gradient Vo.
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Experiments with optical tweezers allow measurement of njff and 7. for example, by observing
three dimensional position fluctuations of an optically trapped colloid immersed in the LC. For
a homeotropic cell, fluctuations occurring in the z direction are parallel to 7, whilst those in the
x and y directions are both perpendicular to n. In a planar cell, fluctuations in the z direction
are perpendicular to n. Depending on the orientation of the planar cell, either the x or y will be
parallel to n.

(a) Materials and Methods

Details of the optical tweezing of polystrene and silica beads dispersed in different liquid crystal
mixtures with homeotropic and planar alignment are given below. Active and passive measure-
ment techniques were employed to determine the anisotropic viscosities of the LC mixtures; the
viscous drag force method and power spectral analysis, where these are described below. More
specifically, this allowed determination of effective anistropic shear viscosity coefficients. The ex-
periments employed the optical tweezing system shown in figure 1, specifically (a) optical tweezers,
(b) microscope optics, (¢) illumination system and (d) visual tracking system.

Active microviscometry

The escape force is the minimum force required to cause a particle of radius r to escape from the
optical trap, defined as
Fosc = 6m7rvese (3.2)

where vegc is the velocity of the surrounding fluid, or in this case the sample stage, when the particle
is released from the optical trap. At this point, Fes is considered as the maximum trapping force
proportional to the maximum displacement F,x = —KXmax- Fese can be equated to equation 2.1
to measure Ve, as a function of P, thus allowing determination of 7.

Passive microviscometry

The power spectrum (PS) of an optically trapped particle’s Brownian motion as a function of
frequency f is given by
kT

D)
where kp is Boltzmann’s constant, 1" is temperature and the drag coefficient v = 67nr. The corner
frequency f. describes a characteristic roll frequency f. = r/27y. For frequencies f < f., the
particle is confined by the optical trap and the PS remains approximately constant. Whereas, for
frequencies f > f, the particle experiences only Brownian motion and as such, S(f) is proportional
to 1/f2 giving a slope of —2, as expected for free diffusion. Equation 3.3 has an approximate
Lorentzian profile in which the two distinct regions can be seen.

S(f) = (3.3)

It is possible to employ this analysis to determine the viscosity of the medium in which the
particle is optically trapped as given by
kT

T 1202 (22) f. (3.4)

n

6

http://mc.manuscriptcentral.com/issue-ptrsa

Jennifer Louise Sanders 241



Page 7 of 23

OCoO~NOOUODWNPE

APPENDIX B: ROYAL SOCIETY DISCUSSION MEETING PAPER

Submitted to Phil. Trans. R. Soc. A - Issue

where <r2> is the particle’s positional variance, or the distribution of positions visited by the trapped
particle during thermal fluctuations [26]. It is possible to obtain <;1:2> from either a histogram of
positions visited by the particle, which has a Gaussian distribution, or the autocorrelation function
at short time scales. The drag coefficient v = 67nr has been incorporated into equation 3.4.

Ericksen number E,

In a liquid crystal, the contribution of elastic forces to the Stokes’ viscous drag force can be
quantified using the Ericksen number E, = a4vr/2K;, where vy, and r are velocity and length
scales e.g. the velocity and radius of a colloid immersed in the NLC, a4 is a Leslie coefficient and K
is a Frank elastic coefficient. At low Ericksen number E, < 1, elastic forces exceed viscous forces
and so any elastic distortions of the LC director n due to the flow field i.e. the particle’s motion,
are considered negligible.

The Ericksen number can be minimised by controlling the velocity length scale v. In active
viscous drag force experiments, the translation stage was moved at a maximum speed of 70 pm/s.
In passive microviscometry, v, is calculated as the speed of the particle’s Brownian motion. With
characteristic values of K;~10pN and a4~ 1072 Ns/m?, maximum values of E, are given in ta-
ble 1. Thus, the chosen LC-colloid combinations facilitates experiments in the low Ericksen number
regime, F, < 1.

Liquid crystal cells

The LC cells used in this work consist of microspheres dispersed in aligned nematic LC mixture
at relatively low concentrations <5% solids by weight. The specifications of the chosen LCs and
colloids are also given in table 1.

Table 1: Details of chosen liquid crystals (Merck) and particles. The Ericksen number is calculated for the
viscous drag (VD) and power spectrum (PS) methods. Refractive indices are measured at 589 nm.

particle properties E, flow
LC material radius  refractive index VD  PS o Ne n viscosity
r (um) n 7 (cP)
MLC-6648 silica 2 1.56 0.04 0.54 1.476 1.546 1.515 19
MLC-6609 polystyrene 6 1.59 0.06 0.29 1.474 1.551 1.515 20

The LC-colloid suspension is sandwiched between two coverslips, separated by Capton spacers
and sealed with UV sensitive glue. The LC cell is adhered to a microscope slide using nail varnish.
Cell thickness h, measured using reflectance spectroscopy, varied between approximately 25 um and
40 pm.

For homeotropic alignment, each coverslip was immersed in a Silane (OTMS) mixture and
alignment is verified by heating and cooling the LC-filled cell past its phase transition temperature
and observing a conoscopic cross. For planar alignment, Polyimide (PI) is applied and a ‘rubbing’
technique employed. Alignment is verified by observing minimum and maximum transmission when
rotating the LC-filled cell between crossed polarisers.
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(b) Results

Figure 3 presents three dimensional power spectra for optically trapped 2 um silica and 6 pm
polystryrene beads dispersed in MLC-6648 and MLC-6609, respectively, for both homeotropic and
planar alignment. Each spectra and associated Lorenztian fit are filtered i.e. averaged, over ~ 100
scans and the plots shown are an average of three separate measurements.

(a) (b)

1000 Homeotropic 4 1000 F Planar
zln x| A
—_—yla — yln

100 PR 100 zLln
=) =)
= =
= =
o o
Bk Bl
= =
b 1 b 1
[=) a
7] 0
& &

0.1 0.1

0-01 1 10 100 1000 0'011 10 100 1000

Frequency f [Hz| Frequency f [Hz|
(c) (d)
1000 Homeotropic 4 1000 |
xln
> —yLln

100 zlla o 100 F
=) =)
= =
= =
o o
g 10F E 10 F
= =
b 1 b 1
a a
7] 7]
& &

0.1F 01k

0'011 10 100 1000 ()_1)11 10 100 1000

Frequency f [Hz| Frequency f [Hz|

Figure 3: (Online version in colour) MLC-6648: Power spectra for 2 pm silica beads dispersed in MLC-6648
in a cell with (a) homeotropic and (b) planar alignment. MLC-6609: Power spectra for 6 um polystyrene
beads dispersed in MLC-6609 in a cell with (¢) homeotropic and (d) planar alignment.
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MLC-6648

For the homeotropic cell, both the x and y directions are perpendicular to n and so both experience

njﬂ which is confirmed by the similarity in power spectra. The z direction is parallel with 7
I

and would therefore, experience 7,;. The difference in power spectra between the three different
directions can clearly be seen when comparing the corner frequencies f. associated with the position
fluctuations in each direction, z, y and z. The values of f.(z) and f.(y) both exceed f.(z) by
approximately 45 %. It is known that since kg, is always greater than ., and so fe(zy) > fo(2).
However, we would expect a greater difference between them in water and thus the higher value of
fe(z) suggests the particle is experiencing a reduced viscosity in the z direction.

In comparison, for a cell of MLC-6648 with planar alignment, the = and z directions are parallel
to i whilst y is perpendicular, producing clearly different PSD plots. This is again evident from the
difference in corner frequencies, where f.(x) > f.(y), on the order of three times greater, showing
that the = and y directions experience an alternative viscosity. Also, f.(z) > f.(z) since again,
lateral trap stiffness is stronger than axial trap stiffness.

MLC-6609

For the homeotropic cell of MLC-6609, the corner frequencies in all three dimensions are similar.
Therefore suggesting that the optically trapped particle experiences a similar effective viscosity
N in  and y whilst in the z direction, although kg, > ., this direction experiences a reduced

effective viscosity 7,

For the planar cell of MLC-6609, f.(x) > fc(y) > fe(z). Taking into account the usual differ-
ences between lateral and axial k, this therefore suggests the optically trapped particle experiences
a different effective viscosity in the = direction compared with the y and z direction; n!ﬂ and neiﬂp,

respectively.

Effective viscosities n!ff and nj-ﬂ

Values of n!ﬁ- and néﬁ were determined for homeotropic and planar cells of MLC-6648 and MLC-

6609 using both passive and active microviscometry. These results are presented in figure 4 which
illustrate the observed anisotropy using both methods. The labels x, y and z correspond to values
obtained using the power spectra for that direction, whilst zy denotes the average of x and y i.e.
the lateral direction. On average, the value is found to be close to the average bulk viscosity values
of each LC.

The results also allow discussion on the anchoring of the LC at the particle surface, described
by the ratio 773?{ /77!ff7 where calculated values are given in table 2. There is considerable varia-

tion in the values where all are high. The results confirm the previous observation from active
I

measurements [20] that strong anchoring is implied, where /1,

& = 2.0 for strong anchoring.
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Figure 4: (Online version in colour) Comparison of effective anisotropic viscosities n:;_f and n!ﬁ calculated for
homeotropic and planar samples of MLC-6648 using (a) passive and (b) active microviscometry, and (c) for
samples of MLC-6609 using passive microviscometry. The labels z, y and z correspond to values obtained
using the power spectra for that direction, whilst xy denotes the average of x and y i.e. the lateral direction.

Table 2: The ratio njﬁ / ngﬁ- characterises the strength of the anchoring at the particle surface where a value
of 2.0 and 1.3 would correspond to strong and weak homeotropic anchoring, respectively.

passive value active value
LC . .
homeotropic planar homeotropic planar
MLC-6648 2.0+0.4 2.5+0.2 1.7+04
MLC-6609 3.1+08 2.2+0.5

Chain-like structures were observed for 2 um silica beads dispersed in MLC-6648 with planar
alignment, suggesting the LC molecules are homeotropically aligned at the colloid surface. The
particles experience a strong attraction to one another in the direction of 7 and the formation of
particle chains lowers the free energy of the system.

It is most likely that a Saturn ring director field is present as these most commonly occur for
particles of radii » < 5um. For this type of director field, the homeotropic surface anchoring is
weak, in comparison to topological defects which are due to strong homeotropic anchoring. This
creates an isotropic distribution relative to the large convergence angle of the rays impinging upon
the particle surface and hence minimises any anisotropy of the trapping forces. This is the reason
why one may therefore assume an effective refractive index @ [27].

Planar anchoring at the particle surface, generates clustering of beads [28]. There was some
evidence of this for SC beads in hometropic cells of MLC-6648. The formation of clusters indicates
the existence of long-range attractive forces. Although repulsive forces are also present where the
particles remain separated. It was possible to trap individual silica beads and detach them from
the surrounding particles.
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Trap stiffness

It is possible to estimate corresponding values of trap stiffness x using values of f. and neg. These
are given in table 3. For the data shown in figure 3, values of x were significantly higher than
expected, on the order of 2 times higher, for any of the directions when compared with the same
trapping power for a 6 um polystyrene bead in water. This discrepancy is unlikely to be due to
aberrations of the trapping beam, which has a greater effect in the axial (z) direction.

Similarly, in both isotropic and anisotropic samples, the particle was held away from the cover-
slip surface (~ 10 pm) so as to minimise any boundary effects. As such, the increased trap stiffness
values imply that the influence of the surfaces is much more important for LC systems, and perhaps
other non-Newtonian fluids, than for isotropic materials.

Table 3: Values of trap stiffness x in MLC-6648, MLC-6609 and water determined using passive microvis-
cometry. The symbols denote the material of the trapped particle; silica (#) and polystyrene (°).

particle trap stiffness £ (pN/pm)
material size T y z
(pm) homeotropic planar homeotropic planar homeotropic planar
MLC-6648 24 321415 100£1.0 29.2+14 10.0£1.0 19.7+1.2 10.6 £1.0
MLC-6609 6 ° 36.0+26 31.3+21 23.0+2.1 170+ 14 153+£1.7 17.0+1.9
Water 6° ~20 ~20 ~7

4. Rotation of liquid crystal droplets in circularly and elliptically polarised optical

tweezers
Advances and understanding of LC emulsions (LCEs) — micro-droplets of LC, coated with a
surfactant, dispersed in an isotropic liquid [29] through optical manipulation establishes the

potential of liquid crystals for optically driven micromachines. In a 1996 paper, Tamai, Ito and
Masuhara [30] reported second- and third-harmonic generation from optically trapped micron-sized
nematic and ferroelectric liquid crystal droplets dispersed in water. This was closely followed in
1999 with Juodkazis et al. [31] reporting the rotation of optically trapped nematic liquid crystal
droplets with circularly polarised light. Further work by the same group detailed the dependence of
rotation frequency on droplet size [32] and the efficiency of optical torque transfer to droplets [33].

There have been several further reports demonstrating optical trapping and rotation of LC
droplets in suspension including nematic droplets with circularly polarised light [19, 20, 34], chiral
nematic droplets with linearly polarised light [20, 21], dye-doped nematic droplets using circu-
larly and elliptically polarised light [35] and smectic liquid crystal droplets in circularly polarised
light [36]. Interestingly, liquid crystal droplets have recently been used to fabricate micron-sized
liquid crystal cylinders which were rotated in circularly polarised optical tweezers to measure the
viscosity of the composite LC [37].

Spinning L.C droplets have also been employed to measure the viscosity of the host medium, such
as heavy water Dy0 [38, 39]. The trapping laser beam transfers optical torque to the LC droplet
and its electric field induces molecular reorganisation within the LC droplet [40]. Gleeson, Wood
and Dickinson [20] discussed wave-plate behaviour as the mechanism responsible for observing LC
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droplet rotation but cited other possible mechanisms for the optical angular momentum transfer,
including anisotropic scattering, absorption and the optical Fréedericksz transition. The reasons
for the underlying physical processes continue to remain elusive and of interest.

(a) Materials and Methods

Details of the optical trapping of liquid droplets dispersed in water are given below. Experiments are
performed to examine the influence of droplet geometry on trapping and rotation, with circularly
and elliptically polarised trapping beams. LC droplets in optical tweezers with a linearly polarised
trapping beam were also observed. The experiments employed the optical tweezing system shown
in figure 1, specifically (a) optical tweezers, (b) microscope optics, (¢) illumination system and
(e) photodetection system.

Liquid crystal droplets

For droplets of nematic liquid crystal, E7 from Merck were used. Its high refractive index (An =
0.225) ensured successful optical trapping, since Fr increases with the droplet’s refractive index.
For the chiral nematic liquid crystal droplets, related chiral and achiral nematic systems were used;
MDA-1444 and MDA-1445', also manufactured by Merck. These were chosen as they facilitated
preparation of mixtures with a range of pitch lengths, which remained relatively constant as a
function of temperature, a change in pitch length on the order of 1nm/°C.

(b)  Observation of droplet rotation

A liquid crystal is intrinsically birefringent, however the birefringence of a spherical droplet depends
significantly on its director configuration. One may consider this a structural birefingence, where
schematics of the director configurations considered in this work; bipolar, twisted bipolar, radial
and Frank-Pryce, are shown in figure 5.

(a) (b) (c) (d)

Figure 5: Director configuration of different LC droplet types: (a) bipolar, (b) twisted bipolar, (c) radial
and (d) Frank-Pryce.

In circularly and elliptically polarised optical tweezers, nematic and chiral LC droplets were
observed to rotate continuously as the beam polarisation direction also varied continuously, as
shown in figure 6.

! Also known as BL131 and BL131a
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Figure 6: (Online version in colour) Time evolution showing the continuous rotation of nematic and chiral
nematic liquid crystal droplets in circularly and elliptically polarised optical tweezers. (a) A nematic bipolar
droplet rotates about its centre, where a nearby small droplet can be seen orbiting due to their hydrodynamic
interaction. (b) The centre of the radial nematic droplet orbits as a circle. (¢) A Frank-Pryce droplet rotates
about its centre. (d) The centre of a variational Frank-Pryce droplet orbits as a circle in company with its
spin rotation.

The bipolar and radial nematic droplet exhibit two different rotation mechanisms; the bipolar
droplet spins in the optical trap, whilst the centre radial droplet orbits about a circle. A similar
observation is made for chiral nematic droplets. The Frank-Pryce droplet spins in the optical trap
in the same way as the bipolar nematic droplet, whilst some chiral droplets adopted a variational
Frank-Pryce director structure, whose centre orbited about a circle similar to the radial nematic
droplet. Here, the variational structure occurs because the chiral droplet structure is strongly
dependent on the ratio between droplet size and pitch length. The structural transition between
the twisted bipolar and Frank-Pryce structure is continuous. Finally, the twisted bipolar droplet
behaved in the same way as the bipolar nematic droplet.

The rotational axis of droplets is displaced for certain droplets. We can define ¢ as the rotational
axis, where £ = 0 for the droplet centre. The optical torque depends on ¢ which defines the passage
of light through the droplet. Optical force can be calculated numerically assuming the geometric
optics regime. Values of ¢ depend on shape birefringence; the symmetry of the director structure
in the droplet. Further details of rotation for each droplet type are given in table 4. The dynamics
of the rotating droplet depend on optical torque, moment of inertia and drag as shall be decribed
in further detail below.

As shown in figure 7, these observations allow definition of two general types of droplet rotation;
(a) the spherical droplet’s rotational axis is defined as parallel to the original rotational axis passing
through the droplet’s centre of mass or (b) the axes are displaced from one another by ¢ (¢ > 0).

(¢) Optical torque

The resultant optical torque acting upon the droplet due to the birefringent nature of the liquid
crystal causes the rotation of the droplet in the optical trap. This optical torque can be quantified
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Table 4: The rotational dynamics of each droplet type depend on its director configuration. For some
droplets, its rotational axis is displaced be a distance ¢.

droplet type rotationally symmetric? ¢ (from experiment) comments
(1)
bipolar & yes {~0 any optical reorientation of director
twisted bipolar does not break symmetry
radial yes >0 (~1.7 pm) optical reorientation of director

breaks symmetry

Frank-Pryce no £~0 break in symmetry due to
disclination can be neglected in
optical force calculations

variational F-P no >0 (~1.4pum) significant intrinsic droplet
asymmetry

Figure 7: (Online version in colour) The rotational axis of a spherical droplet is displaced from the original
axis by a distance ¢. (a) If £ = 0, the rotational axis passes through the droplet’s centre of mass. (b) If
£ # 0, the droplet rotates about a cirle.

by calculating the change in angular momentum between the light incident upon and transmitted
through the droplet.

This angular momentum change induces a torque per unit area 7 [41];

P P
T=— sinFcos2¢sin29+;(lfcosI‘) sin 2¢ (4.1)

where P is the laser power per unit area, w is its angular frequency, ¢ the degree of ellipticity and
0 is the angle between the fast axis of the wave plate producing the elliptically polarised light and
the optical axis of the droplet. The torque is dependent on the birefringent material’s thickness d
as described by the retardation of the emergent light;

P
r— ; dAneg. (4.2)
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Here, Aneg represents the effective birefringence; n, — ne. Thus, the retardation is the phase
difference between the light field components experiencing the ordinary n, and extraordinary n.
refractive indices of the birefringent material. I' takes into account the droplet’s director structure.

The first term in equation 4.1 is the torque due to the linearly polarised component of incident
light whilst the second term is due to the change in polarisation of the light emerging from the
birefringent material.

The viscosities of the droplet are much greater than that of the surrounding medium, typically
and in this case, water. Therefore, the optically driven LC droplet can be regarded as the rotation
of a rigid body until the optical torque no longer exists. The optical torque acting on the droplet
is given by
da
dt
where « is the angular velocity of the droplet, and I and D are the inertia and drag-damping factor
of the rotating droplet, respectively. Equation 4.3 describes the droplet’s drag-damped rotational
behaviour.

74 =I1— + Da, (4.3)

The moment of inertia for the droplet depends on the displacement of the parallel axis away
from the centre axis; £, and is given by I here + me2. In addition, the drag-damping factor for the
rotating droplet in water is given by D = 8 (r + 5)3, where m and r are the mass and radius of
the droplet, and 7 is the viscosity of the surrounding medium; water. Furthermore, 74 also depends
on ¢ since I' is affected by each droplet’s director configuration. Thus, it is possible to express
equation 4.3 as a function of ¢, 74(¢), by substituting expressions for I and D.

(d)  Optical reorientation of droplet director structure

The optical torque is highly dependent on the optical reorientation of the droplet’s director, which,
as shown in figure 6, has the ability to break the droplet’s rotational symmetry about the optical
trapping beam axis. Brasselet et al. [40] indicated the optical realignment within the radial droplet
depends on the beam polarisation. They show displacement ¢ decreases with increasing beam ellip-
ticity, tending toward zero as ellipticity approaches 7/4 (circular polarisation). Figure 8 illustrates
optical reorientation of a bipolar and radial droplet when held in an elliptical optical trap.

The director configuration for all droplet types along the beam axis is shown in figure 9. For the
bipolar, twisted bipolar and Frank-Pryce droplets, £ = 0 and is independent of beam polarisation,
meaning the beam axis coincides with the rotational axis of the droplet. In these cases, Aneg
is independent of the azimuthal angle ¢ where the n vectors lie perpendicular to the beam axis.
Therefore, the effective birefingence is n, = ne —n, and so, equation 4.2 can be applied as a simple
approximation for these director structures.

Conversely, for a radial droplet, £ # 0 and its effective birefringence has a non-trivial expression;

2 7 cos Op oMe
Aneg = = / ol ol dz, (4.4)
A S rcosto | \ v/n2sin?0(z) + n2 cos? 0(z)

where 0y = arcsin(¢/r) and 0(z) = arctan(¢/z), which is the polar angle of the 7 vector depending
on the director position z.
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z, beam axis
]_y

untrapped

trapped
£=13+£0.2um

Figure 8: (Online version in colour) For a droplet held in an optical trap with elliptic polarisation, optical
realignment does not change the symmetry of structure birefringence of (a) a bipolar droplet but causes
relocation of the trapping position of (b) a radial droplet, with a displacement of ¢ = 1.3 um, for example.

- <=

Figure 9: (Online version in colour) Director configuration of different LC droplet types when held in an
optical trap: (a) bipolar, (b) twisted bipolar, (c) radial and (d) Frank-Pryce. The azimuthal angle is given
by ¢ whilst §(z) describes the polar angle of the 7 vector .
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(e) Dynamics of droplet rotation: simulation and experiment

It is now possible to utilise the information about the droplet’s trapping position ¢ and optical
torque 74(¢) to numerically simulate the dynamics of liquid crystal droplets in optical tweezers. To
do so, 0 is considered as the cumulative angle with respect to time, such that

i—1
6= a (t/N) (4.5)
0

where the time period ¢ is divided into N equal, small periods. Here, «; is the angular velocity of
the droplet after the i-th rotation. Substituting equations 4.2 and 4.5 into the expression for the
optical torque acting on the droplet (equation 4.3), a general formula which describes the dynamics
of the optically trapped droplet is produced;

i-1
P
— [ sin I'y; cos 2¢ sin (00 + E ; (t/N)) + (1 — cosT'y; sin 2¢)
w

0 (4.6)

P do;
= (gmrz-l-ml?) ; + 8mn(r + D)3ay.

Here, N is the number of samples, 6 is the initial angle between the droplet director 7 and the
major axis of the polarisation, and ¢ is again, the degree of ellipticity of the trapping beam. The
subscript bi denotes bipolar.

The numerical simulations are applied for a bipolar droplet with a trapping power P = 50 mW
and wavelength A = 1064 nm to replicate experimental conditions. The droplet radius r = 10 um,
trapping position ¢ = 0 and birefringence An = 0.2. The viscosity of water at 20 °C was used
(1.003 cP) and 6y = /3 for all simulations.

The numerical simulations lead to plots of angular velocity o and rotated angular distance €2
as a function of time as shown in figure 10. For a circularly polarised optical trap (¢ = 7w/4),
the result indicates the rotational dynamics of the bipolar droplet exhibits a linear behaviour; the
droplet rotates at a constant angular velocity a. Therefore, €2 increases linearly with time.

For an elliptically polarised trap (¢ = 7/3), the rotational dynamics of the bipolar droplet shows
unique, non-linear behaviour, where the droplet rotates at a varying angular velocity. Furthermore,
the variation in « follows a repeating and regular pattern; fast and slow. This therefore, produces
a non-linear increase in €.

Measured optical transmission of rotating bipolar droplets in circularly and elliptically polarised
optical tweezers are shown in figure 11. The droplet diameters d are 9.7 £ 0.3 um and 8.9 +
0.3 wm, respectively. For circularly polarised optical tweezers, the period of rotation as a function
of time is collected to calculate the angular frequency « of the rotating droplet. The experimental
result follows the theoretical simulation with the exception of the magnitude of a. However, this
discrepancy can be attributed to the experimental droplet being half the size of the simulated
droplet.

For the bipolar droplet in elliptically polarised optical tweezers, the experimental result is in
good agreement with the theoretical simulation. Let us consider the elliptical beam, which consists
of both a linear and circular component. The circular component provides the constant optical
torque whilst the linear component offers a varying optical torque depending on 6; the angle between
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Figure 10: Mathematical modelling of the behaviour of a bipolar droplet held in an optical trap with
(a) circular and (b) elliptical polarisation.

the beam polarisation and droplet director (see equation 4.1). This angle varies between 0 and 27,
thus the first term in equation 4.1 repeats with regular positive/negative values. This implies the
optical torque due to the linear component is regularly driving and resisting the droplet’s rotation.

Further experiments were conducted to examine how droplet size affected the rotational velocity
of the rotating droplet. The numerical simulations were performed and experimental measurements
made for bipolar droplets in elliptically polarised optical tweezers. As shown in figure 11(d), the
droplet dynamics are characterised by marked non-linear behaviour where experimental measure-
ments agree well with the numerical simulation.
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Figure 11: (Online version in colour) (a) Measured optical transmission of a rotating bipolar droplet in
circularly polarised optical tweezers (ellipticity ¢ = m/4). Period of rotation is marked on the figure. Droplet
diameter d = 9.7 £ 0.3 pm. (b) Calculated angular velocity from the measured optical transmission of the
rotating droplet. A linear fit to the data indicates the angular volcity here is almost constant. (c¢) Measured
optical transmission of a rotating bipolar droplet in the elliptically polarised traps. A repeating fast-slow
rotational dynamic is marked by the periodicities. Droplet diameter d = 8.9 + 0.3 um. (d) Rotational
frequency of nematic bipolar droplets as a function of their radius in elliptically polarised traps (¢ = 7/3).
Open squares represent the numerical calculations as detailed in the text and closed squares represent the
experimental measurements.
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5. Rotation of liquid crystal droplets in linearly polarised optical tweezers

A numerical simulation for a bipolar droplet in linearly polarised optical tweezers (¢

Page 20 of 23

0) is

performed and shown in figure 12, with the same simulation parameters as for circularly and
elliptically polarised beams. The simulation illustrates the bipolar droplet rotates for 7/3 for ~1s

to an equilibirum orientation with no further rotation, as would be observed for a wave plate.
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Figure 12: Mathematical modelling of the behaviour of a bipolar droplet held in an optical trap with linear

polarisation (¢ = 0).

Figure 13 shows the time evolution of a chiral nematic liquid crystal droplet in an optical trap
with linear polarisation. It illustrates that the droplet experiences a torque until the droplet’s
director is aligned with respect to the beam polarisation, which is also observed for a nematic
liquid crystal droplet. At this point, ¢ = 0, and thus, the torque 7, = 0. In this situation, the
extraordinary and ordinary rays no longer deviate into two directions with two alternate velocities.

Optical s Dropletifell
traps into traps

Droplet stopped

Figure 13: (Online version in colour) Time evolution showing the realignment of a chiral nematic liquid
crystal droplet in a linearly polarized optical trap. The droplet is trapped near the focus of the laser beam,
then rotates in the trap until it stops at around 3.0s. Here, the ring pattern indicates the position of the
optical trap. White arrows represent the droplet axis where the chiral droplet adopts a twisted bipolar

structure.
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A rather different rotation is observed for chiral nematic droplets of a critical size, which adopt
a twisted bipolar structure as reported in Yang et al. [21]. The equilibrium orientation is related
to the configuration of the droplet and so depends on droplet size and the pitch length of the chiral
material. The rotation occurs only for small droplets of a critical size and is accompanied by a
distinct vertical motion of the droplet in the trap.

The mechanism responsible for the anomalous motion of the chiral droplets is quite different
from any previously reported that produces rotation of birefringent particles in optical tweezers.
It relies on a photo-induced molecular rotation that induces a critical reorganisation of the liquid
crystal in the droplet, followed by elastic relaxation of the photo-induced structure. A cycle of
molecular reorganisation and relaxation follows. This fascinating combination of continuous rota-
tion and linear motion when the chiral droplets are held in optical tweezers had not previously been
observed and generates interesting implications for optical switching microfluidics.

6. Conclusions

Liquid crystals and particles are fascinating media and the hybrid systems do far more than merely
combine properties.

Microrheology allows measurement of local viscosity in anisotropic systems. In this case, exper-
iments were performed in the low Ericksen number regime, where anisotropy in the liquid crystal’s
viscosity is observed with passive microviscometry. Values of effective viscosity obtained were close
to the bulk viscosity value. However, the results produced unexpectedly high values of trap stiffness.
It is possible that surface effects in the liquid crystal cell i.e. the coverslip, are influential. There-
fore, it illustrates the importance of understanding how laser manipulation works in non-Newtonian
systems.

The rotation of LC droplets leads to the prospect of all-optical switches. The rotation observed
here depends on the droplet phase, geometry and polarisation with respect to the trapping beam.
The phenomena include rotation on- and off-axes; continuous, uniform rotation; nonlinear rotation;
and continual rotation until some equilibrium position is reached. The experimental observations
are all readily simulated by a simple model. The novel observation of continuous rotation for
specific kinds of N* droplets suggest the opportunity for an opto-mechanical transducer.

Funding for equipment and a studentship is gratefully acknowledged from the Engineering and Physical
Sciences Research Council. Thanks are due to Prof. Miles Padgett and Richard Bowman of the Optical
Trapping Group at The University of Glasgow for their expertise on high-speed particle tracking.
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