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Abstract

Laser optical trapping is a developing technology. Optical traps have
become valuable tools in a number of research fields including physics,
optics, fluid mechanics and most significantly — biology. The ability to
accurately manipulate micro and nano scale objects, measure forces to
piconewton accuracy and integrate alongside other technologies have made

optical traps unique devices.

In the research presented in this thesis a complex and versatile optical
trapping system is designed, built and developed for investigation of new
and innovative engineering based applications for the optical trap. The
practical problems associated with optical trapping were assessed and,

where possible, solutions are offered.

Various potential engineering applications for optical traps were first
identified and then investigated to determine new uses and capabilities for

optical traps.
A number of exciting outcomes of the work are presented. These include;

* Accurate placement of silica microspheres into a thermosetting

resin, which has potential micro processing applications.

¢ The manipulation of metallic particles through unconventional

trapping techniques.

* Micro scale ablation of glass cover slips with copper particles on
the glass suiface to assist in the coupling of energy into the glass

substrate.
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List of notation

h = Planck’s constant (J s)

p = momentum of the photon

A - wavelength of the photon (m)

k = trap stiffness (pN nm™)

x = displacement of the bead from the traps equilibrium position (jum)
I = the drag force on the sphere (N)

7 = viscosity of the fluid (kg m™ s )

r =radius ofa microsphere ([tm)

v = velocity of the sphere in the medium (m s'l)
S = Signal from QD (Volts)

o = frequency of oscillation (Hz)

A = Amplitude (V or pun)

kg = Boltzmann Constant (J K"

T = Temperature (K)

o’ = variance in position of the sphere (umz)

¥ = drag coefficient

.= corner frequency (Hz)
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Q = Coefficient of Trap Quality

P = Laser Power (W)

¢ = speed of light in a vacuum (m sh

n = refractive index

M = magnification

lp = the focal length of the objective lens (mm)

I; = focal length of the image lens (mm)

B = annular beam parameter.

o = width of the annular ring.

Ar = amplitude of the fixed sphere’s oscillation, (V or pm)

S$max = mean of the all the ‘maximums’ from a sine wave (V or im or

pixels)

§min = mean of the minimum values of all the ‘minimums’ from a sine

wave (V or um or pixels)

An-sixed = amplitude of oscillation of the fixed sphere (m).

A fixed = amplitude of oscillation of the fixed sphere (pixels).

D - Conversion factor (jum per pixel).

An.rapped - the amplitude of oscillation of the trapped sphere (m).

Aprapped = the amplitude of oscillation of the trapped sphere (pixels).

xii



Joseph L Croft Engineering Applications of the Optical Trap

L - Conversion factor (V j,tm‘l)

d = the standard deviation in the position data of the trapped sphere (V or
pixels)

v = velocity of the sphere in the medium (m s™).

List of abbreviations

AFM - Atomic Force Microscope
SLM - Spatial Light Modulator

MASER - Microwave Amplification through Stimulated Emission

Radiation

QD - Quadrant Detector

NA - Numerical Aperture

YAG - Yttrium Aluminium Garnet

Nd:YVOQ, - Neodymium-doped Yttrium Orthovanadate (Vanadate)
CCD - Charge Coupled Device

LBA - Laser Beam Analyser

AOD - Acousto-Optic Deflector

StAT - St. Andrews Tracker

CGH - Computer Generated Holograms,
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Chapter 1

Introduction

1.1 Background

It is now over forty years since Ashkin’s seminal work (1) began the
technology of optical traps and over twenty years since he first achieved a
genuine single beam optical trap in three dimensions. Since then, the
technology has flourished in many research areas including physics, fluid
mechanics and of course, biology. In spite of this swift development, there
are still many unexplored avenues of interest. In recent times, the optical
trap has become a commercially available tool and is fast becoming a
standard lab analytical tool to compare with the atomic force microscope

(AFM) or the scanning electron microscope (SEM).

The optical trap’s natural capabilities lend themselves exceptionally well to
biological research offering capabilities not available with any other kind
of machine. Thus, biological research has been the main focus of much of
the research date. Consequently, it may be timely for other sciences to
catch up and for the capabilities of this extremely versatile technology to

be realised across a wide range of scientific fields.
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1.2 Thesis Aim and Objectives

This work in this thesis aimed to hamness an already existing technology,
optical trapping, and investigate its potential applications for purely
engineering purposes. A significant section of the project involved the
building of a new versatile optical trapping system with a variety of
functionalities designed specifically for engineering applications. Next, the
objective was to find and explore new potential engineering applications
for the optical trap. The nature of optical traps meant that the engineering
applications being referred to would be of micro or nano scale. Once new
applications had been identified, investigations would be undertaken to
establish the viability of such a method. Throughout the project the optical
trapping system was further developed and configured to meet the needs of
these potential applications. This engineering based approach allowed for
practical aspects of the optical trap to be investigated in ways not
previously seen. As such, this thesis represents a significant increase in the

knowledge and understanding of the optical trap an engineering tool.

This work in this thesis uses a practical engineering approach to problems,
alongside an understanding of the fundamental physics behind optical
trapping. As this work aims to offer an alternative approach to the
biosciences work undertaken with optical traps, the biological applications
are presented as part of the literature review in terms of how developments

in optical trapping technology have enabled new biosciences research.
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1.3 Thesis Structure

This thesis is separated into seven chapters which aim to first present the
process of developing an optical trapping system and then a series of
experiments using of the optical trap as an engineering tool or device are

undertaken and the results and outcomes discussed.

It begins with this introductory chapter to outline the background to the
topic, the objectives of the research undertaken and the structure of the

thesis.

Chapter 2 begins with a brief introduction to the history of the laser and
optical traps. It then sets out the current state of the art of the optical
trapping field, with particular attention paid to work which has used the

optical trap as an engineering tool or device.

Chapter 3 sets out how the system was designed and built. It details why
such design decisions were taken, the novel aspects of this particular
system, such as the two lasers focussed to the same position, quadrant
detector and spatial light modulator, and what added functions these allow,
the capabilities and limitations of the system and finally some of the
common problems associated with optical traps and the methods used to

resolve them.

Chapter 4 details the optical trap as a force measurement tool. It outlines
the different methods of calibrating the device and the different methods of
obtaining force measurements from the literature. The chapter sets out the
various procedures used and corresponding results for trap stiffness,
achieved on the system described in Chapter 3, while varying a variety of

parameters, such as laser power and microsphere diameter.



Joseph L Croft Engineering Applications of the Optical Trap

Chapter 5 describes a series of new experiments which use the optical trap
as a device for placing (and fixing) microspheres in a desired location and
formation. It sets out the procedure used and the results obtained, including
the newly established capability of placing individual microspheres. The
chapter concludes with a discussion of this novel application with thoughts

expressed on the capabilities and limitations of such a technique.

Chapter 6 compiles a series of other experiments undertaken each with the
purpose of finding new and novel engineering applications for the optical

trap. These include:

e Experiment to investigate how the colour of a microspheres effects

the optical trapping process.

® Manipulating metallic particles using annular shaped beams formed

using a spatial light modulator (SLM)

® An experiment which atternpts to fuse of initially silica

microspheres and then metallics microscale particles.

Chapter 7 discusses and summarises this body of work as a whole,
bringing together the various results and outcomes. It includes

recommendations of possible further studies.
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Chapter 2

Literature Review and State of the Art

2.1 Optical Trapping
2.1.1 Before Optical Trapping

It is now just over forty years since Arthur Ashkin’s initial calculations
suggested that a sufficient radiation pressure force could be achieved with
a laser in order to cause a microscopic object to move (1). However long
before Ashkin, physicists had suggested that photons would ‘carry’
momentum and thus exert a force, starting with early astronomers (such as
Kepler) right through to Maxwell’s theory of electromagnetism, which
suggested that light may be able to exert force (2).

This early work led two separate groups to attempt to prove the existence
of, and quantify, light pressure. Without coherent light sources the
radiation pressures were immensely small but both studies nevertheless

managed to prove qualitatively the existence of such radiation pressure (3),
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(4). One of these groups, Nichols and Hull at Dartmouth University,
subsequently went on to quantify their results in 1903 (5,6). The radiation
pressures observed were significantly smaller than available today. They
measured an average radiation pressure of 1.05x10* dyne produced by an

A.T. Thompson arc lamp, which was neither coherent nor focussed.

2.1.2 How Optical Trapping Began

Optical trapping as we know it began with Ashkin at Bell Telephone
Laboratories in 1969. With coherent and highly focusable sources of light
then becoming available, Ashkin realised that much greater radiation
pressures could be achieved than had been realised by Nichols and Hull. In
his seminal paper (1} Ashkin had hoped to quantify the radiation pressure
but came across something of possibly greater interest, the gradient force.
He demonstrated that the intensity gradient, due to the Gaussian nature of
the beam, led objects of high refractive index (relative to that of the
surrounding medium) to be drawn towards the axis of the beam. Despite
the use of highly transmissive spheres (0.59, 1.31, 2.68pum latex spheres)
there was still some reflections which led to a pushing force, down the axis
of the laser (a CW argon laser, with wavelength, A = 514.5nm). This led
Ashkin to his next work: single beam trapping. He achieved trapping using
a single beam simply by directing the laser upwards and ensuring the
radiation pressure, caused by reflections on the beam’s front surface,

balanced with the gravitational force on the object (7).

Over the following twenty years Ashkin and his team continued to develop
the technology with the first stable optical levitation based trap (8), optical
levitation of droplets (9) and finally through to optical tweezers, a single

beam gradient force trap achieved through the use of a high numerical
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aperture microscope objective in 1986 (10). This was the first system able
to trap objects in 3 dimensions without needing to use gravity to counter

the pushing force produced by photon reflections.

Since Ashkin’s 1986 paper the field has expanded swiftly with many
researchers seeing the potential of optical tweezers for all manner of
research areas. There have been two excellent extensive reviews of the vast
array of research being undertaken with the use of optical tweezers. Moffitt
et al focusses on the biochemical and biophysical process, including the
mechanical properties of biological polymers and molecular machines
which drive the internal dynamics of a cell(11). Neuman et al focussing on
the different optical trapping apparatus employed, such as Spatial Light
Modulators(SLMs), Acoustic Optic Deflectors(AODs), piezoelectric
stages, calibration methods, and the advances that have been made
particularly in biological fields as a result of the technology of optical

trapping(12).

As trapping works easiest in water based solutions and with objects in the
micron range (of the same order of magnitude as cells) it was only natural
that optical tweezers would become a significant tool in the biological field
(13). Equally, as it became clear that the forces exerted could be both
measured and calibrated such systems appealed to physicists (14,15).
However, perhaps surprisingly, there has been much less work in the
engineering field. Therefore, the research described in this thesis looks to

investigate possible engineering applications for optical traps.



Joseph L Croft Engineering Applications of the Optical Trap

2.1.3 How Optical Traps work

Optical trapping is the term used for the trapping and manipulation of
small objects (usually of the micron order of magnitude) through the use of
laser light. In reality, there are two distinctly different regimes of optical
trapping. Although the phenomenon of optical trapping occurs for both

regimes, each results from quite different scientific principles.

The first regime is when the trapped objects are much larger than the
wavelength of the trapping laser beam. The second regime is when the

trapped objects are much smaller than the wavelength of the light.

The first regime is dependent upon the conservation of momentum of the
laser light. This regime can be thought of as a ray optics problem and is
thus commonly called the ray optics regime(16). In, the second regime, for
much smaller objects relative to the laser wavelength, the trapped objects
can be thought of as electric dipoles in the electric field of the laser. This

regime is commonly referred to as the Rayleigh regime(17).

However, in the case of the trapped objects being within one order of
magnitude of the laser wavelength, as in this thesis, a combination of the

two regimes can be expected(18,19).

The momentum carried by an individual photon, p, is defined as:

p= (Eq.2.1)

h
A
Where, h = Planck’s constant, A = wavelength of the photon

Momentum is a vector quantity (i.e. direction dependent), therefore if light

is reflected or refracted it will change the momentum of the light.
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Newton’s Third Law (‘every action has an equal and opposite reaction’)
ensures the conservation of momentum. Therefore, if an object refracts the
light passing through it and thus changes the light’s momentum vector, the
object must experience an equal and opposite momentum change. This

leads to a force acting upon the object.

Optical traps usually, though not always, employ a TEMgo beam mode.
This is essentially a Gaussian beam; that is a beam having a Gaussian
intensity profile across its optical axis, in both directions (x and y)

orthogonal to its propagation.

The forces produced by this type of beam passing through an object can be

split into two components:
- Scattering forces
- Gradient forces

The gradient forces are responsible for trapping the object in the x and y
planes whereas the scattering forces are responsible for trapping the object
in the z dimension (where the z dimension is the direction of propagation

of the laser beam and the x and y dimensions are perpendicular to this).

The gradient forces also arise from the scattering of photons, as in the
scattering forces. However, the manifestation of these forces is dependent
upon the gradient of the laser intensity profile. This is usually a Gaussian
(as shown in Figure 2.1). These forces operate in the x-y plane,
perpendicular to the direction of propagation by the laser. This force is a
restoring force and acts like a Hookean spring. Although the bead may be
continually ejected from the centre of the trap by thermal (Brownian)
motion, the gradient forces will continually restore the bead back to the

centre of the trap (as shown in Figure 2.2).
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Figure 2.2 (a) Shows a schematic of a transparent bead within a laser beam
with laser intensity increasing from left to right. The light entering each
side of the bead is consequently of different intensities leading to greater
refraction in one direction (left) than the other (right) and thus a greater
reactive force upon the sphere in one direction (right) over the other (left).
The black arrows represent the direction of the light. The grey arrows
represent the forces exerted upon the bead by the refracted rays. As these
forces do not balance the overall force on the bead is to the right, i.e.
towards the arca of highest laser intensity light and also slightly
downwards. Figure 2.2 (b) Shows a schematic of a transparent bead in a
stable trap. The lateral (x and y) forces balance due an equal amount of
photons being refracted either side the bead’s centre. The reactive forces
caused by the refracted light, shown by the grey arrows, balance, leading to
zero net lateral force upon the bead. The grey amrows indicate a small

upwards force which will push the sphere up to the focus of the beam.

The scattering forces are perhaps less easy to understand than the gradient
forces. These forces are generated in the same way as gradient forces, from

scattering of photons by the sphere.

There are two basic ways in which the photons can be scattered: reflection
and refraction. Upon incidence to the bead a percentage of the photons will
be reflected entirely at the first surface. For highly transmissive materials
(such as silica glass or polystyrene used throughout this study) this
percentage is very small. On being reflected, a photon changes direction
s0, through conservation of momentum, it imparts a large proportion of its
momentum to the bead in the direction of laser propagation. The forces
produced by reflection alone would cause the bead to be pushed ‘down’ the
laser axis away from the laser source. However, the forces produced by

refracted photons being scattered as they leave the bead, now travelling in

11
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a different direction (and thus momentum) to that of when they entered the
bead, can produce a force ‘upwards’ (dependent upon the position of the
laser focus) i.e. back towards the laser source. If the resultant scattering
force produced by the refracted photons outweighs the force produced by
the reflected rays then a stable trap will exist. In the early optical traps the
gradient force (7) was quickly established but the reflective forces
outweighed the refractive forces leading to beads being trapped in x and y
but pushed along the axis of the laser. This led Ashkin to use two counter
propagating lasers of equal power to push against one another with the
result being an optical trap between the two (20). Although successful this
was not satisfactory to Ashkin who would correctly identify that the
refractive force element of the scattering forces could be increased if the
laser was focussed using a high numerical aperture microscope objective
(10). This idea gave birth to true single beam optical traps (or alternatively

optical tweezers.)

2.2 Force Measurement with an Optical Trap
2.2.1 Introduction

Optical tweezers offer a unique method of measuring extremely small
forces. Forces of the order of pN (10" N) are typically achieved by many
optical tweezer setups (21). The ability to measure forces on this scale
accurately is one of the most exciting aspects of the technology. As many
of the forces involved in biological materials are of a similar order, this
technology has allowed for the precise measurement of forces in a wide

variety of biological objects (22).

12
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However, as with any measurement tool, before forces can be measured

accurately, the system must first be calibrated.

Firstly it is important to establish which force is being measured. In optical
trapping there are basically two main forces which can be measured. The
most commeon, as it is frequently used in many biological applications, is
the ‘trap stiffness’ of the trap. This is essentially a measurement of the
spring constant, k, as an optical trap generated from a Gaussian beam
operates like a Hookean spring and thus follows Hooke’s spring equation

(23)(24):

F =—kx (Eq.2.2)

‘Where:

k = trap stiffness, x = displacement of the bead from the trap’s equilibrium

position, F = force exerted by the trap on the bead.

The second possible force measurement is the ‘escape force’. This is the

force required to remove the bead entirely from the trap.

The trap can be considered as a potential well; with the trap stiffness being
partially dependent on the steepness of the well (in pN nm™) whereas the
escape force is dependent upon the depth of the well. So a trap with high
trap stiffness will have a very steep gradient ‘well’ and a trap with a high
escape force will have a deep well though not necessarily with steep
‘walls’,

13
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(Eq.2.2). These two methaods offer alternative ways of establishing the

spring constant, k of a trap.

2.2.2 Stokes’ Law Method of Force Calibration and Measurement
2.2.2.1 Stokes Method 1 — Simple Drag

Stokes’ Law was derived by George Gabriel Stokes in 1851(25). The law
is an expression to find the frictional or drag force on a spherical object
with a very small Reynolds number (and by definition very small diameter)

in a viscous fluid.

Stokes’ Law is:

F = 6znry (Eq.2.3)

‘Where:

F = the drag force on the sphere (N), 1 = viscosity of the fluid (kg m's™),
1 = radius of the sphere (m), v = velocity of the sphere in the medium (m s

H

As small spheres of the micro scale are available commercially with a
known radius and water has a known viscosity, the drag force is only
dependent on the velocity of the flow of the water. Hence, the greater the
velocity of the water flow past the trapped microsphere - the greater the

drag force exerted on the microsphere.

Consequently, as the trapped bead can be moved through the surrounding
medium at a known velocity (in practice it is the medium that is moved

around the fixed trap position) measuring the displacement of the sphere

i5
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from the trap centre allows for the quantifying of the trap stiffness using
Hooke’s law (Eq.2.2).

This can be repeated at a variety of velocities to obtain a characteristic

trendline for k, the trap stiffness.

In practice there are some drawbacks to this method. The most obvious of
which is that for accurate results, there needs to be a precise knowledge of
the viscosity of the water. This is difficult in that viscosity is highly
dependent upon temperature and thus any temperature change during an
experiment would lead to an inaccurate result. Attempts to measure the
temperature during an experiment are also difficult for a variety of reasons.
However, even if the temperature of the sample could be monitored during
the experiment these results might not be meaningful as it is possible that
localised heating would occur in the region of that trap, the overall effect of
which would be minimal with regards to the entire sample (26). Secondly,
the sample is not entirely water; it usually has a small quantity of surfactant
added and also contains the microspheres, these constituents will, albeit
only to a small degree, affect the viscosity of the medium. Consequently,
this method of force calibration is limited in its accuracy, but does have

some major advantages - in that is simple and easy to perform.

2.2.2.2 Stokes Method 2 — Stage Oscillation

This common calibration method involves the same principles as the
standard Stokes’ law method set out above. However, rather than translate
the stage in one direction, the stage is oscillated. The force due to viscous
drag is known from Eq.2.3. However, unlike the previous section where a

set velocity is inputted, in this method, the variable velocity is inputted.

16
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x = x, sin(cor) (Eq.2.4)

Equation 2.4 represents the position of the stage, x, with time, t, ata
frequency, ®, from an initial stage position xq. As the stage position will
mirror its velocity, i.e. at its peak displacement it reaches zero velocity and
at its zero displacement it will be at a maximum velocity, its velocity can

be expressed thus:
v = ax, cos(ar) (Eq.2.5)
Now substituting (Eq.2.5) in (Eq.2.3) gives:
F = 6znrax, cos(wt) (Eq.2.6)
The signal, S, from the QD, should theoretically follow:
S =Awcos ((Ot) (Eq.2.7)

This signal from the QD, S, can be measwred at a series of frequencies, to
establish a series of amplitudes A® values which produce a series of values

for the constant, A, using which an arithmetic mean can be found.

With A now known, (Eq.2.7) can be substituted into (Eq.2.6) to give:

_ G6znrx
F= A =S (Eq.2.8)

With all the constants and variables in (Eq.2.8) now known, they can be

substituted for a calibration factor H:

17
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F=HS (Eq.2.9)
Thus, for any signal, S, from the QD an associated force can be found(27).

There are variations to this method, employing a triangular wave instead of
a sine wave or by displacing the stage a singular known distance at speed
while measuring the response time of the trapped sphere from the QD

output.

2.2.3 Brownian Motion Method of Force Calibration
2.2.3.1 Method 1 — Equipartition Method

This method, rather than attempting to ignore or minimise the inevitable
thermal/Brownian motion, actually harnesses it to quantify the forces being
exerted on a bead by an optical trap. This method is also sometimes
referred to as the Equipartition method. In short, it involves accurately
monitoring the position of a trapped bead with time. Then, by calculating
the variance or standard deviation of the bead’s position, the extent to
which the thermal motion has been dampened can be quantified. For
example, for a loosely trapped sphere, the Brownian motion will be much

larger than for that of a tightly trapped sphere.

The formula used to translate the measured thermal fluctuations into a trap
stiffness value is called the equipartition theorem and holds true for a

particle bound in a harmonic potential (28)(29):

k,T = ko’ (Eq.2.10)

Where kg = Boltzmann Constant

18
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T = Temperature (K)
G,* = variance in position of the sphere
k = trap stiffness

As thermal fluctuations are very small (nm scale) this method can only
employed if the position of the sphere can be accurately tracked. Indeed,
the rate of thermal fluctuations in position mean that the position must not
be merely tracked accurately, but also at a very high bandwidth (e.g.
1kHz). Until recently this need for very high bandwidth data capture meant
a quadrant detector (QD) (27,30-32). However, the development of high
frame rate cameras, alongside increasingly powerful computers has
provided another option for the researcher. An interesting comparison
between object tracking with a quadrant photo diode (or QD) and a high
speed camera was performed (33). This study showed that although the QD
remains the more accurate option, the high speed camera can measure
object position to an ‘accuracy of the order of 10 nm with a bandwidth of a
few kilohertz’. The camera also has the advantages of being able to track
multiple particles simultaneously and of being able to be calibrated more

easily than a QD.

2.2.3.2 Method 2 — Power Spectrum Analysis
As with the previous method of determining trap stiffness, this method

involves holding a sphere in a trap while monitoring the sphere position

and then analysing the thermal motion of the sphere.

19
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For spheres of known radius, knowledge of Brownian motion in a
harmonic potential can be hammessed. The equation of motion of a trapped

microsphere can be expressed thus (29):

dx
/4 = +kx=F(t) (Eq.2.11)

Where k is the trap stiffness, x is the sphere position and 7 is the drag

coefficient, defined thus:

y = 67mur (Eq.2.12)

Where W is the viscosity of water and r is the radius of the sphere.
F(t) is produced by thermal fluctuations, thus it has two significant
properties(34):

1. 1Its fluctuations are random

2. Its mean equals zero

It has been shown that through Fourier analysis, a one sided power
spectrum of the thermal fluctuations, which has characteristic features of
the trap stiffness, can be produced (12,30,32).

Taking the Fourier transform of both sides of (Eq.2.11) gives:

2ry(f. —if )X (f)=F(f) (Eq.2.13)
Where, f;, the characteristic corner frequency is defined:
kK
c _2_75'/ (Eq.2.14)

Therefore, by finding the corner frequency, (sometimes referred to as roll
off frequency) f., of a power spectrum of the thermal fluctuations of a
trapped sphere, the trap stiffness, k can be found.

20
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by comparing their model with actual results (15). They found the ray
optics model (16) matched very closely with experimental results in the
axial direction (z axis/axis of laser propagation) and reasonably closely in
transverse forces (x and y axis) for spheres greater than 10pum with a laser
wavelength of 1064nm. For spheres of 1jum diameter, the transverse forces
were comparable but the axial forces measured were considerably stronger
(5x) than the model suggested (15). Wright’s study also considered
microscope objectives of different numerical apertures (NA) and showed
strong evidence that the NA was a significant factor on the axial trapping
force generated by the laser.

Alongside the experimental data produced, there have been many
mathematical approaches, with various modelling papers produced
analysing the forces in optical trapping (15,36-42). Nieminen et al have
shown mathematically how the forces experienced by a trapped object
change with the shape of the object. They considered polystyrene spheroids
and cylinders of varying aspect ratio and showed that the shape of the
object becomes less significant upon the forces experienced, the smaller
the object. Furthermore, they found little difference in the forces

experienced by spheroids versus cylinders of equivalent aspect ratio (42).
2.3 Overview of Applications of Optical Traps

2.3.1 Introduction

This section of the literature review will look in detail at the various
applications of optical traps. A large proportion of optical trapping

applications have involved biological applications, these will be only

addressed in section 2.4.5. However, the main purpose of this review, and

23
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indeed this thesis, is to look at possible engineering applications for the

optical trap.

2.3.2 Engineering Applications of Optical Traps

Although optical trapping was first fully achieved (i.e. with only one beam
and trapping in three dimensions without the assistance of gravity) in 1986
(10), there has since been a surprisingly small amount of work with optical
traps in the engineering field. This may well be due in part to optical
trapping naturally lending itself to biological applications. The forces
involved in optical traps were quickly established to be of a similar order
(= pN) as those involved in biological material (16,19). This fact, together
with the need for optical traps to operate in solution, naturally led
researchers to look, for the most part, towards biological applications for
new and novel applications. However, there have been a number of
interesting studies in which the optical trap has been used as an engineering

tool across a wide range of engineering based applications.

Ghadiri ez al have developed a microfabrication technique through the use
of optical trapping (43). They used an infrared laser to trap and hold an
array of polystyrene microspheres through the use of a Spatial Light
Modulator (SLM). Their sample consisted of 12jum spheres coated in the
protein Streptavidin (SA) and 3.5um spheres coated in the vitamin, Biotin.
When put in contact Streptavidin and Biotin form strong bonds (the
strongest non-covalent binding known) including hydrogen bonds. The
smaller Biotin coated spheres were used as ‘binding parts’ to connect the

larger Streptavidin spheres.
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Figure 2.12: Taken from (49).Showing a) high and b) low magnification
(SEM) images of a silver line produced by the above explained method.

Silver line width ranges from 6-10pm.

Two photon polymerisation has become an increasingly significant tool in
terms of optical engineering in recent years. Conventional
photopolymerisation was first reported in 1993 (50). A variety of
structures, including a coil spring (S0um in diameter and 250um in length)
and a micro valve, were achieved by selectively curing a liquid resin using
a UV source. The power of the UV source (Xenon lamp) was selected so
that the liquid resin would only be cured at the focus. Then by scanning the
focus of the UV source in x, y and z, three dimensional structures could be
created. The limit to the resolution of such structures is the smallest
possible volume that can be cured at a time. This is largely dependent upon
the ability to focus the light down. This study(50) had used conventional
one photon absorption of UV light. However, ‘two photon absorption’, a
process developed by Strickler and Webb using infrared light instead of
UV light (51), allows for much greater resolution. This greater resolution is
due to the probability of two photon absorption occurring being much less
than the probability of single photon absorption. The probability of two
photon absorption occurring is directly proportional to the light intensity.
Once a volume has been cwred, all of the uncured resin can be easily
washed away using conventional solvents. The first three dimensional
structures achieved using the two photon absorption method were achieved
in 1997 by Kawata et al (52). They successfully demonstrated the
technique which allowed for the curing of micro scale volumes of resin in

precise and selectable geometries, as seen in Figure 2.13:
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2.3.4 Near-field Processing

Traditional optics operate in the far field and follow traditional laws of
optics. However, near-field optics allow light to be focussed to below the
diffraction limit. Studies have shown, both mathematically (54) and
experimentally (55) the successful use of microspheres as near-field lenses
to focus light down below the diffraction limit to a point of high intensity
just below the sphere.

In addition to these there have been several interesting studies using optical
traps to assist near-field processing, perhaps the most successful being with
the use of Bessel beams to force microspheres down to a surface before
processing the surface through the trapped sphere. This method allows for
direct writing straight on to a surface, producing features of the order of
100nm (56). This direct-write approach certainly enhances the versatility
of the near field process.

The motivation for the interest in near-field optics in this work is the
possible controlled placement of spheres, through use of the optical trap,

into a desired array.

Near-field processing of large areas has been restricted to random arrays of
spheres (55) or self-assembling arrays of spheres (for example hexagonally
close packed silica spheres (57). This inability to position the spheres in
any desired array limits the process to arrays that will naturally assemble.
If optical traps could be employed to position the spheres in a surface this
could lead to the manufacturing of a reusable device for near-field
processing. An example of a possible design for such a device is shown in

Figure 2.16. The precise nature of such a device, the method for
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piconewtons. This is of the same order as forces associated with biological
cells. Most cells are highly transmissive to infrared light, and are thus, able
to remain undamaged when subjected to such wavelengths. Hence making

optical trapping well suited for biological applications (22).

As with much of the work within optical trapping, Ashkin et al led the
way. They first trapped tobacco mosaic virus using approximately 120mW
of an Argon laser without causing any clear damage to the virus (13),
manipulated individual cells (59), and significantly, first measured the

force of cell organelle movement inside a living cell (60).

More recently, holographic techniques, such as spatial light modulators

(SLMs) have been harnessed to achieve cell sorting capability (61-63)

Guck et al harnessed two counter propagating beams to produce an optical
setup capable of stretching cells along the optical laser. Furthermore,
through the use of a microfluidic system they were able to give the system

high throughput capabilities (64).

A variety of different cells sorts have been probed, using optical trapping,
to learn about the mechanical properties of a cell. Such cell types include
red blood cells (65), live sperm cells(66-68). Sheetz et al produced an
important study of the mechanical properties of membranes of migrating
neuronal growth cones by using an optical trap to pull out membrane

‘tethers’and measured the required force {69).

For more extensive insight in to optical trapping’s ever increasing role in
biosciences research please refer one of these review papers, although note
that they focus on the biological outcomes achieved as oppose to the nature

and setup of the optical trapping systems used (12,22,70).
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2.4 Summary

Optical trapping has developed from an idea (1) to a widely used
technology at an impressive rate (70). This literature review has set out the
way in which the optical trapping technology developed and the
applications and experiments it has already enabled across many different
scientific disciplines. As this thesis aims to develop optical trapping from
an engineering perspective, the literature review has included other optical
engineering technologies such as two photon polymerisation and near-field
processing. This literature review puts begins to put into context the new
work reported in the subsequent chapters. Although much optical trapping
work has clearly been undertaken, there are still plenty of under explored
areas, The work presented in rest of this thesis aims to add new and
significant knowledge to the optical trapping field by approaching optical
trapping as a whole, considering the development of the trapping system to
enable new studies a fundamental part of the work. The understanding
gleaned from this literature review on the fundamental physics behind
optical trapping will better inform the engineering and experimental
decisions taken throughout the subsequent optical trapping system

development and experimental phases of this body of work.
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Chapter 3

System Development and Initial Results

3.1 Introduction

For the experimental work in this research study to be undertaken, an
optical trapping system had first to be designed and built. Over the course
of this project a number of different optical trapping setups have been
conceived although all contain the same set of fundamental components: a
laser, a high numerical aperture objective and a stage in which to mount
the sample. In addition to these basic components, there are various
additional items that can be employed to give the system greater capability,
such as a spatial light modulator or acousto-optic deflector (for more than
one trapping site), a piezo electric stage (for greater control over the
movement of the sample relative to the laser), a quadrant photo diode (for
high precision monitoring of sphere position), or tracking software (for

tracking of multiple objects).
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The challenge was set to develop a system with versatile and extensive
capabilities for the pursuit of new and novel engineering applications. This
occurred over an extended period as more hardware became available
which could be integrated into the system and more software was written

to solve various issues encountered.,

As problems and limitations in the system were encountered, solutions
were found and new hardware was acquired to enhance the current
capabilities of the optical trapping system. Over the course of this research
a number of redesigns and rebuilds of the system took place, each time to
address a particular problem discovered or to enable a new capability for
the system. The final system would incorporate a second laser source, high
precision position tracking (though use of a Quadrant Detector), a Spatial
Light Modulator, a piezo electric stage, capable of nano scale movements,
mounted upon the existing mechanical micro stage and a diode
illumination source. This is set out later in this chapter. The system was
specifically designed for the purpose of exploring innovative engineering

applications for optical traps.

The system’s development can be divided into four main stages:
1. The Initial Setup
2. Integration of an SLM

3. Addition of Force Measurement Module and Nano stage

Integration
4. Integration of a Second Laser Line

A discussion on the details and progression of these four stages will be the

basis for most of this chapter. As new hardware and software are
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introduced their details will be given. The problems encountered during
this development process will be documented, as will be their

corresponding solutions.

The final system produced represents significant work and produced a
unique system which fulfilled the criteria of being both versatile and
enabling new investigations and new capabilities. Showing the detailed
progression of the system, from its initial basic setup through to
completion alongside the motivations for each change/development, should
enable a greater understanding of the practical use of optical traps,
including the common optical trapping pit-falls which are not frequently

referred to in the literature.

3.2 The Progression of the Optical Trapping System Development

3.2.1 The Initial Setup

The original system available at the beginning of this research project was
a basic inverted optical trapping system which had been constructed to
specification by Elliot Scientific (71).
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3.2.1.1 Hardware

3.2.1.1.1 Coherent Verdi 532nm Laser

The Verdi laser is part of the YAG (yttrium aluminium garnet) family. The

various forms of YAG make up most of today’s solid state lasers.

Neodymium-doped yttrium orthovanadate or Nd:YVQ, (Vanadate) is the
lasing material used in the Verdi. It is frequency doubled to produce a
wavelength of 532nm at up to 2W continuous wave. It is a high quality
laser in terms of its M? value and bandwidth. It operates with a beam mode
of TEMOO and has an M value of less than 1.1. The laser also possesses a
bandwidth narrower than most lasers. Although most lasers quote a
wavelength to an accuracy of individual nanometres, i.e. a 1064nm or
532nm lasers, in reality lasers usually occupy a broader range of
wavelengths than such names imply. The specification of this laser quotes
a linewidth of <5MHz which is equivalent to approximately 35
femtometres. Thus, in the case of the 2W Coherent Verdi it can be

considered a true single frequency laser.

3.2.1.1.2 OWIS Micro Stage

This is a mechanical motorised stage capable of micro scale movements in
X, y and z. The micro stage is controlled through a basic LabView software
interface provided in the initial setup. This software allows for the use of a
joystick to manoeuvre the stage in x, y or z. The stage and software

provide the capabilities of moving the stage at a vast range of speeds. The
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minimum and maximum stage velocities are approximately 0.002 mm s

and 1 mm s’ respectively.

3.2.1.1.3 Microscope Objective

The microscope objective used in the system is an Olympus oil immersion
objective. Its magnification is 100X and when used with an oil interface, its
numerical aperture, NA, is 1.25. As discussed in chapter 2, having a high
numerical aperture (NA) is critical for full three dimensional optical
trapping. Without a high NA objective, trapping can be achieved in x and y
but not in the z dimension (where z is the direction of propagation of the
laser beam) as in (7). A critical factor in the use of a high NA objective,
overlooked in the early stages of this work, is that it means a small working
distance from the tip of the microscope objective to the focus, 0.150mm for
this objective. Numerical aperture is a dimensionless number and is given

from:
Numerical Aperture (NA) = n(sin ) (Eq.3.1)

Where, n is the refractive index of the medium between the top of the
microscope object and the glass cover slip. This is usually air or oil. [ is

half of the angular aperture, see Figure 3.4.
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The NA of the objective in the system is quoted by the manufacturer as
equal to 1.25. From Eq.3.1, this implies a 1t value equal to approximately
equal to 56°.

3.2.1.1.4 CCD Camera

The charge coupled device (CCD) camera employed in the system is a
Watee LCL-211H. 1t is a high resolution (480 TV lines), high sensitivity
camera which provides the capability to acquire accurate and detailed real
time images at the focal plane of the optical trap within the sample. The

camera operates at approximately 30 frames per second.

3.2.1.1.5 Mechanical Shutter

A mechanical shutter sits in the laser line to provide usability and safety to
the system. The shutter is addressed electrically and can switch between
closed and open modes either through manual operation or at a pre-

programmed rate. The shutter is a Thorlabs SC10.

3.2.1.1.6 Computer System

The computer system used throughout this work was an Intel Core2Duo 2
GHz system with 2 GB of RAM. This level of processing power is

required in order to run multiple LabView programs, especially the
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‘memory heavy’ Fourier transform programs discussed in the next section
such as Blue Tweezers. The system included two monitors. One monitor is
used to display the live footage obtained from the CCD camera. The other
monitor is used to display the various LabView programs in operation

during use of the optical trap.

3.2.1.2 Software

LabView is a graphical system design software package. It enables the user
to quickly develop and adjust project specific programs that can
communicate with and coordinate various pieces of hardware, as well as

acquiring data.
The software in the initial setup consisted of two programs:
1. The ‘Joystick Axis Control(1)’ program:

This program was written in LabView, to allow for the manoeuvring of the
mechanical micro stage in X, y and z, via the use of a joystick at a variety
of speeds. The program included the use of the ‘slide bar’ on the joystick to

give a spectrum of velocities from which to select.
2. The “Vision(1)’ Program:

This basic program was written in LabView through use of LabView’s
Vision package. This program provided the capability both to access and to

view the video footage being acquired by the CCD camera in the system.
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3.2.1.3 Initial Results and Discussion

This was a basic optical trapping system consisting of the fundamental
elements but nothing further. Moreover, although consisting of all the
fundamental components, the optical trap did not work. An influence over
microspheres from the laser was observed but true optical trapping, the
tight holding of a microsphere in the focus of the laser, all three
dimensions, for an indefinite period of time, was not achieved. This led to a
period of investigation to solve why trapping was not occurring. Initially, a
full realignment process of the laser was undertaken. To an extent, this
appeared, through manual observation, to improve the quality of trapping
in x and y. However, this was still less than satisfactory optical trapping in
these dimensions and there was no trapping achieved in the z dimension.
Essentially, when the laser was passed near a microsphere, the sphere
would be seen to be ‘pulled’ toward the centre of the trap and then
‘pushed’ away along the axis of the laser. Clearly the laser was impacting
upon the spheres as desired in x and y, but in z, the sphere was being

pushed rather than trapped.

It was postulated there could be numerous explanations for this and each

was to be assessed to establish the source of the problem:

First, the laser wavefront was profiled; see Figure 3.5, through use of an
LBA (Laser Beam Analyser) to check that the beam mode was of the high
order specified by the manufacturer. The optical forces responsible for
conventional optical trapping are highly dependent on a Gaussian beam for

generation of a gradient force.
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caused by using a microscope objective with an insufficient numerical
aperture or by not filling the back surface of the microscope objective
aperture. It has been suggested in some studies that overfilling the back
aperture of the microscope objective is preferable (72). This work
acknowledges that overfilling the aperture will lead to a degree of power
loss but in a process which requires very small powers this is not a major
problem. Furthermore, the overfilling of the aperture ensures a high flux of
photons are delivered from the outer edges of the beam into the outer edge
of the aperture. In a high NA objective, the photons in the outer regions of
the aperture are refracted the most and thus generate the largest scattering
forces due to the high angles with which they are incident upon a sphere. If
the back aperture of the microscope objective is only partially filled, as
here a 3mm diameter laser beam incidences on a 5mm diameter back
aperture, no photons will enter the objective at the edges of the aperture,
and thus will not experience the maximum possible refraction from the lens

configuration within the objective.

Consequently, it was decided to install a beam expander to increase the
beam diameter from the raw beam’s 3mm to 6mm, i.c. greater than the

Smm diameter of the microscope objective’s back aperture.

This beam expander consisted of two lenses arranged in a standard

Galilean beam expander set up, as shown in the subsequent figure,

51









Joseph L Croft Engineering Applications of the Optical Trap

to this point in the research was measured, using digital calipers, to be
0.19mm. When these cover slips were replaced with marginally thinner
cover slips, measured as 0.17mm, the effect was significant. With the
thinner cover slips employed, trapping in the z dimensional was now
stable. The cause for this significant change was the position of the laser
focus relative to the cover slip. For example, if too thick a cover slip is
used, such as the 0.19mm cover slip, the focus of the beam would occur
inside the glass cover slip. Thus, within the water medium the laser is
already diverging at a rapid rate, meaning that a degree of x and y trapping
may still be achieved but that the microspheres appear to be ‘pushed’ away
from the objective towards the top surface and out of the visible region of
the sample. Whereas, once the thinner, 0.17mm, cover slip was used, the
focus occurs beyond the cover slip, and thus within the sample medium.
Note the small difference between the dimensions of the successful and
unsuccessful cover slips. A difference of 20um can make a significant
difference. In theory it is also possible to have a cover slip that is too thin
leading the laser focus to be beyond the water region of the sample though
this is unlikely given the common thicknesses of cover slips and usual

working distan