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Abstract

Optical Tweezers are a useful tool in many aspects of biology, including cell manipu-
lation and microrheology [1, 2]. They are often used as piconewton force transducers,
and are an effective tool for measuring forces acting upon optically trapped parti-
cles [3-7]. To measure such forces, knowledge of the displacement of the particle
from the trap centre is always needed. However, due to Brownian motion, a trapped
particle is constantly moving and never at rest. In this case, one must track a bead

over a set time, so as to gain an average displacement.

In this thesis, we have improved and optimised this tracking procedure for biological

samples in different ways.

In Chapter 1 we discuss how Optical Tweezers work, how they are set up, and how

we measure forces using them.

In Chapter 2 we redesign a commercial Optical Tweezer Product to improve tracking
data results. We also incorporate fluorescence imaging using a compact, low cost,

LED illumination source.

In Chapter 3 we combine fluorescence microscopy with state of the art Scientific

cameras, to increase tracking frame rates and potentially improve our tracking data



1

of fluorescent stained cells. This was part of a collaboration, where I helped to build
the setup, took the data (using programs produced by one of my collaborators), and

was part of the team to analyse it.

In Chapter 4, we look at Low Reynolds number environments and discuss the benefits
of viscous forces, and how it may be possible to make non-invasive, less harmful traps
for biological samples. Again, this was part of a collaboration, where I was in charge
of the experimental part. Here, I built in the static tweezer trap into a tweezer
system, took position data and analysed it. A collaborator took control of analysing

velocity data.

Finally, in Chapter 5, we measure the accuracy of tracking in three dimensions using
a stereomicroscope, by placing a Spatial Light Modulator (SLM) at the Fourier plane
in the imaging arm. Again, this was a collaboration. I designed and manufactured

the illumination head, helped design an acquisition program, and took the data.

We discuss how all of these could optimise and advance the tracking of optically
trapped particles, especially biological samples. Despite the obvious applications in
biology, to allow a fair evaluation of the different tracking techniques, all of our exper-
iments used samples of spherical beads, as they have known specifications, including
fluorescence excitation and emission wavelengths, size, and amount of fluorophore

stain.
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When the bead is displaced from the centre of the optical trap, the
change in the direction of the refracted light pushes the bead back to-
wards the equilibrium position. a) An example ray generating a lateral
component of the optical trapping force. b) Example rays generating
an axial component of the trapping force. . . . . . .. .. ... ...
An optical trapping force can be described like a spring, with a spring
constant ky,q,. A trap has an optical restoring force, Fy,4,. The trap’s
restoring force acting on a trapped bead follows Hookes’ law and is
proportional to the distance the bead is from the centre of the trap
(Ax). Hookes Law can only be used for small displacements from
equilibrium position (~1 radius of the beam width). Note that the
trap centre is slightly above the focus of the beam. . . . .. ... ..
Schematic of a generic Optical Tweezer setup with a steerable mirror
in the Fourier plane used to control the trap position. It is based
upon an inverted microscope. The laser beam is expanded, using a
4f beam expander. It then reaches the steerable mirror, which allows
movement of the trap position. Its then travels through a Fourier lens
and travels through a Dichroic filter, and reaches the tube lens. The
beam is then focused in the objective lens, and a trap is formed in the
sample. The sample is then imaged, with light travelling back through
the Objective and Tube lenses. It is then reflected at the Dichroic,

reaches an image plane before being re-imaged again through a 4f setup. 10

Schematic of a generic Holographic Optical Tweezer (HOT) setup.
The steerable mirror (as seen in Figure 1.3) has been replaced by a
Spatial Light Modulator (SLM), a grey scale liquid crystal display that
projects hologram patterns. This allows the Optical Trap to be shifted
in all three dimensions, as prisms do, with ease computationally. . . .
Example hologram images created using the ‘grating and lenses’ algo-
rithm. a) Hologram to create and position the optical trap veritcally.
b) hologram to create and position the optical trap horizontally. c)
mod.27 addition of the above holograms to create and position one
optical trap laterally. d) Complex addition of the above holograms to
create two independent optical traps. Also shown in ¢) and d) are the
corresponding Fourier transform, giving the trap arrangements in each
CASE. '« v v e e e

11



List of Figures

vi

1.6

1.7

1.8

2.1

2.2

2.3

24

An example of a power spectrum for x and y tracking data in bright-
field, with low noise in the system. Note that the curve is similar to a
Lorentzian curve, and so reading a corner frequency, and thus finding
the optical trap stiffness, can be done with ease. . . . . . . . ... ..
An example of an autocorrelation function for x tracking data in fluo-
rescence, with noise in the system. This data is taken from Chapter 2.
Note that the fit is straight up until the forth data point, before the
gradient changes. This is when noise begins to show. At this point, the
noise in the system should be considered and factored in. Information
about the value of x is taken from the decay of the slope. . . . . . ..
An example of the intensity of an image, in the x axis, through the
thresholding process. A threshold is placed on the original intensity
chart, with every intensity below the threshold set to zero. However,
noise can result in large fluctuations at the points where the threshold
is applied. A solution is to subtract the background from the original
intensity, leading to no intensity within the image to be less than zero,
which then gives our new thresholded intensity. The position of the
centre of the particle is then at the centre of this new intensity chart.

(a) is an image taken from the Cube of a focussed spot without any
aberration correction. (b) is the hologram placed on the SLM to cor-
rect for the aberration. (c) is an image taken with the Cube with the
aberration hologram on the SLM [8]. This aberration correction holo-
gram is no longer required with the new Cuboid design, reducing cross
talk and ghost traps. . . . . . ... oL
Schematic of the original Meadowlark Cube. The laser is expanded to
fill the SLM. One of the beam expander lenses is then reused as the
Fourier lens, leading to aberrations, causing the degrading of the traps
before aberration corrections are added to the SLM. After the Fourier
lens the laser light is coupled into the microscope with a dichotic filter.

21

A high speed camera allows accurate position tracking of trapped objects. 31

3D models of the original Meadowlark Cube tweezer system. With
it being only one cubic foot in size, yet still allowing multiple HOT
trapping, it’s main selling point is that it is compact, stand-alone and
portable. However, there are aberration issues due to using the same
lens as both a beam expander and a Fourier lens, so that the product
can stay portable. Figure from Reference [8]. A space for a filter holder
is left to allow filters to be added to epi-fluorescence illumination.

Schematic of the new Cuboid. The laser is expanded to fill the SLM.
There are two distinct lenses in place of one for the beam expansion and
the Fourier lens. After the Fourier lens the laser light is coupled into
the microscope with a dichotic filter. A reconfigurable filter holder
is found in the camera arm, allowing the use of epi-illumination for
Fluorescence microscopy and imaging. . . . . . .. .. .. ... ...
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Live image of two optically trapped fluorescing 1.5um silica beads
taken from the imaging and data tracking Labview program. See that
the beads are circularly symmetrical in shape. Here we see a highly
fluorescing bead and a dimmer fluorescing bead. This is due to the
dimmer bead performing less excitation, either due to a lack of fluores-
cence coating or less blue excitation light reaching the dimmer bead.
This image was taken using the Dalsa Genie camera running at a frame
rate of 18 frames per second. . . . . . . ... ... L.

Schematic of the setup used. The laser output beam is expanded,
slightly overfilling the aperture of the Spatial Light Modulator (SLM)
(Boulder nonlinear optics, XY series 512x512 pixels). After the Fourier
lens, the light diffracted by the SLM is re-imaged onto the back focal
plane of the objective lens, 100x 1.3NA, (Nikon, Plan-Fluor), which
focuses the trapping laser beam in the sample cell. The fluorescence
excitation source is a blue LED (Luxeon Rebel) filtered with a 485/10
nm filter and is coupled through the objective using a dichroic beam
splitter. Within the same filter cube a 510/10nm filter ensures that
only the fluorescence is detected. We used both sCMOS (Hamamatsu
ORCA-Flash4.0 V2+) and EMCCD (Andor iXon3 897) cameras to im-
age the fluorescence. A camera port selector determines which camera

Photo of experimental setup. . . . . . . . ... ... ... .. ... ..
An example of the x and y displacement data for a 4s interval of data
at the highest fluorescence intensity (5650 photons/frame) for the EM-
CCD camera (blue) and the sCMOS camera (red). The approxima-
tion of noise, and hence the error on each x, y position measurement
is 10.5nm. This is approximately a factor of 10 larger than the error
of from the more general brightfield tracking, which usually has errors
of around Inm. This is due to the limited number of photons in each
Image. . . . . .
Autocorrelation against time graphs for the sSCMOS and the EMCCD
camera for different fluorescent levels. The x-axis is time (measured in
seconds). At higher fluorescent levels, the cameras give similar results
for the autocorrelation gradients and y-intercepts. At lower fluorescent
levels the cameras are in overall agreement for what concerns the y-
intercepts but not for the gradients. The error bars are one standard

deviation over 10 samples of 4 second durations (equating to 1000 frames) 48
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Graphs to show how the average autocorrelation gradients (left) and
y-intercepts (right) change with respects to different fluorescent inten-
sities, as well as their standard deviations. What we would hope to see
is both a constant y-intercept and gradient, as the trap power and stiff-
ness is constant throughout the experiment. What we find is that at
higher fluorescence intensities (more than 3000 photons/frame), the
two cameras yield autocorrelations that are in close agreement with
each other, both in terms of their y-axis intercepts and gradients. This
changes at lower intensities where it is evidence to suggest that the sC-
MOS camera slightly underperforms the EMCCD especially in terms
of the gradient of the autocorrelation, until at the lowest intensity it
proved impossible using the sSCMOS camera to record images of suf-
ficient quality in which to run standard centroid tracking algorithms,
therefore no autocorrelation could be calculated. At low intensities
the EMCCD camera images were of a sufficient quality to measure
the standard deviation of the bead motion, but the gradient of the
autocorrelation was subject to significant uncertainty. . . . . . . . . .
Single frames and summed successive co-registered frames images (left
and right respectively) at a fluorescence level of ~5650 photons/frame.
Images at the corner of the summed image represent the intensity at
the cross-section of the summed image (the dotted line). The summed
images appear circularly symmetric, with a slight reduction in inten-
sity at the centre (as seen in the intensity cross-sections) due to the
bead being surface labelled. The central reduction in intensity should
therefore not affect the numerical calculation of the centroid position.
The power spectra produced by the tracking data for the EMCCD
camera (above) and the sCMOS camera (below) at a fluorescence level
of approximately 4690 photons/frame. Note that the the spectra are
very noisy, and although not impossible, much more difficult to read
a corner frequency than a gradient on an autocorrelation. . . . . . . .
Autocorrelation function obtained from 4s interval of data (1000 frames)
using the EMCCD camera at an intensity of 4690 photons/frame. The
number of data points depends on the time taken between camera
frames. The gradient of the autocorrelation is determined by fitting to
the first 4 data points. If more (noise) data points were used for the
fit, the gradient would be skewed. . . . . . . . ...
Autocorrelation against time graphs for the sCMOS with fluorescence
(at a photon level of >5000 photons/frame) and brightfield centroid
tracking data. Again, a 40s dataset was divided into 4s intervals, the
autocorrelations being calculated for each interval and then averaged
over each dataset. The camera gave similar results for the fluorescence
and brightfield tracking. . . . . .. ... ... o oL
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Examples of the two main ‘actuator’ bead paths with respect to their
corresponding ‘probes’. The left shows the circular non time-reversal
(the path going forward in time is not identical to the path that would
go back in time) symmetric actuator path. The right shows the hor-
izontal time-reversal (the paths going forward in time and backwards
in time are identical) symmetric actuator path. . . . ... .. .. ..
Schematic showing how a trajectory of a microsphere is calculated
at each simulation time-step from the balance of external forces, F,.;
(such as hydrodynamic and stochastic thermal forces), optical forces,
F,pt, and frictional forces, Frriction- - - - - - - o o o o oo oo
Schematic of the dual beam holographic optical tweezers system. Our
optical tweezers system is built around a custom-made inverted mi-
croscope with a Zeiss halogen illumination module (100 Watt). The
holographic actuator trap is created by expanding a diode pumped
solid state (DPSS) infra-red 1064 nm wavelength laser beam to overfill
a nematic liquid crystal spatial light modulator (SLM) (BNS XY series,
512x 512 pixels, 200Hz frame-rate). The SLM is placed in the Fourier
plane of the sample and telescopically re-imaged onto and overfilling
the back aperture of the objective lens (Nikon 100x oil immersion,
1.3 NA) using a Fourier lens (L1) of 250 mm focal length and a tube
lens of focal length 100 mm. The single beam trap is provided by a
green DPSS 532nm wavelength laser. Its position can be manually
controlled using a kinematic mirror mount, and the beam also overfills
the back aperture of the objective lens. The sample is viewed using a
high-speed CMOS camera (Dalsa Genie gigabit ethernet), and any re-
flected infra-red and green laser light is filtered out. The top left inset
shows a schematic of the relative optical trap positions and trajectories
within the sample. . . . . . . .. .. oo
Experimentally measured probe microsphere trajectories when sub-
jected to a time-reversible flow-field. (a) The trajectory of the probe
over a single time-reversal symmetric actuator cycle. (b) and (e) 2D
occupancy histograms showing the number of visits the probe made to
each 10 nm wide bin over the course of 100 actuator cycles. The white
scale bars represent 100nm. (b) is the first half of the cycle, (e) is the
second half of the cycle. (c¢) and (f) The average drift velocity of the
probe as it passes through each 10 nm x 10 nm histogram bin. (d) and

(g) The magnitude and direction of the drift velocity of the probe bead. 70

Experimentally measured probe microsphere trajectories when sub-
jected to a non-time-reversible flow-field. (a) The trajectory of the
probe over a single non time-reversal symmetric actuator cycle. (b) A
2D occupancy histogram showing the number of visits the probe made
to each 10nm wide bin over the course of 100 actuator cycles. The
white scale bar represents 100nm. (c¢) The average drift velocity of
the probe as it passes through each 10 nm x 10 nm histogram bin. (d)
The magnitude and direction of the drift velocity of the probe bead. .

71
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Experimental trajectories for (a) horizontal oscillatory actuator mo-
tion, (b) oscillatory actuator motion with x y displacement ratio equal
to 5, and (c) circular motion respectively. ‘x’ on the experimental tra-
jectory graphs represents the probe trap position. When looking at
(a) we see a ‘figure of eight’ probe trajectory, where the probe moves
in both x and y, even though, the actuator only moves in x. It moves a
distance in x of around 1pm, and in y of around 0.3pm. When looking
at (b), we see one of the lobes produced in (a) reduced in size. This
happens until the lobe disappears entirely, to form the ‘D’ shape, as
seen in (c). Again the horizontal distance of around 1um in x, but
NOW & 2UM N Y.« © o v v v v e e e e e e e e
Averaged experimental trajectory of a trapped probe being driven by
an actuator travelling with circular motion are at the same height
of 10 (top left), 15 (top right), 20 (bottom left) and 25um (bottom
right) from the surface. Colour scale represents the velocity. Grey line
represents a single trajectory before averaging. The average was taken
over 200 trajectories. It appears that the trajectory get larger when
it is moved away from the surface. This is due to less surface friction
acting upon the bead. . . . . . .. .. o Lo
Averaged experimental trajectory of a trapped probe being driven by
an actuator travelling with circular motion are at the same height
of 10 (top left), 15 (top right), 20 (bottom left) and 25um (bottom
right) from the surface. Colour scale represents the velocity. Grey
line represents a single trajectory before averaging. The average was
taken over 200 trajectories. Again, it appears that when the probe
moves away from the sample cell’s surface, the trajectory get larger.
Again,this is due to less surface friction acting upon the bead.

Averaged probe trajectories where the actuator paths are at different
locations with repsect to the probe. (a) Illustration of the actuator
position and path with a circular system configuration with respects
to the probe bead and trap (b) the corresponding experimental probe
trajectories, with information about the speed the probe is travelling,
using the colour velocity scale to the right of the charts. Note that all
probe trajectories are ‘D’ in shape, only with some tilting occurring
when the actuator trajectory is placed either to the left or the right of
the probe. We find that the bead travels quickest when travelling in
the y-direction and no movement in the x-direction. . . . . . . . . ..
Simulated trajectories of the probe with respects to actuator paths.
The left probe path corresponds to the time-reversal symmetric actua-
tor trajectory (horizontal sinusoidal motion) and the right probe path
corresponds to the non time-reversal actuator trajectory (circular mo-
tion). The zero point on the graphs corresponds to the trap centre.
Colour chart corresponds to the beads speed during the trajectory,
here the bead is travelling at its slowest when the path is blue, and
quickest when its path isred. . . . . . . ... ... ... L.
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[lustrations showing the relative positions of the probe microspheres
with respects to the position and movement of the actuator in its
path for (a) the time-reversal symmetric actuator trajectory (horizon-
tal sinusoidal motion) and (b) non time-reversal symmetric actuator
trajectory (circular sinusoidal motion). Once again, for clarity, the
relative size of the probe trajectory has been exaggerated compared to
both the probe size, and the actuator trajectory. . . . . . . . . . . ..
Simulation of the accumulated potential energy of the probe trap in
the absence of Brownian motion for the (a) actuator in circular mo-
tion (non time-reversible symmetric) case and (b) actuator in periodic
horizontal motion (time-reversible symmetric) case. Each case shows
the evolution of the energy stored in the system when the probe is
initially positioned at rest at the centre of the trap. Work is done on
the bead in the white stripes, and energy is released by the bead in
the blue stripes. . . . . . . . ...

By illuminating the sample from different directions, multiple images
are produced, each individual image corresponding to one illumination
direction. When an object moves up and down in the z direction of
the sample, the sample appears to move in the x and y direction in
the corresponding 2D images. . . . . .. .. ... oL
Stereo-microscopy is a technique that enables a sample to be imaged
from two directions simultaneously, allowing the tracking of micro-
scopic objects in three dimensions. This can be done by either one
illumination and two objective lenses or two illuminations and one
objective lens. By illuminating the sample from different directions,
multiple images are produced, each individual image corresponding to
one illumination direction. . . . . . . . .. .. ...
Layout of previous Stereomicroscopy system including wedge prisms to
separate the superimposed images and to send them in different direc-
tions. This works best for two illumination directions, so is convenient
to use an SLM so that we can use more illuminators. . . . . .. . ..
(a) Examples of the illuminator heads designed with Sketchup and 3D
printed using the Ultimaker 2.0 3D printer. Note that the three heads
cover a range of angles. (b) Example of one illuminator head holding
the four optical fibres used as light guides. . . . . . . ... ... ...
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Schematic of the optical layout. It is based on a transmission light
microscope with an SLM placed in the Fourier plane of the image.
The sample is illuminated from four directions with red LEDs (Lux-
eon Rebel, peak emission at 636 nm) coupled into light guides. Light
transmitted through the sample is collected by the objective lens (Zeiss
Plan-Neofluar, 100x,1.3 NA). The polarising beamsplitter selects light
of the correct polarisation for the SLM. An iris in a conjugate im-
age plane controls the field-of-view to ensure all images fit adjacently
onto the camera. A narrowband filter (635nm / 10 nm) minimises dis-
persion of the images when diffracted from the SLM. The polarising
beamsplitter is also used to couple in a single beam optical tweezer (A
= 635nm). The focal lengths of the lenses are: L1 = 120mm, L2 =
150mm and L3 =200mm. . . . . . ... ..o
a) Illustration of the four illumination paths through the system. Here
the SLM is shown as a transmissive element rather than reflective, for
clarity. The SLM diffracts light corresponding to each illumination di-
rection to a separate region of the camera sensor. (b) A representative
phase pattern on the SLM. (c¢) The resulting image on the camera.
Undiffracted zero-order light is sent to the central region. The scaling
is 73.5nm per pixel. . . . ...
The relationship between micro-bead’s 3D position to its projected
image on the focal plane. The measured motion of the image parallel to
x in the focal plane is given by x,, = A+ dz, where A = §z tan ¢ cosf.
Likewise the measured motion of the image parallel to y is given by
Ym = B+ 0y, where B = dztan¢sinf. . . . ... .. ... ... ...
Images of the front panel of the Labview program. The left shows
the illumination intensity control and the full image viewed by the
CMOS camera. The right shows the four separated first order images
(indicated by the green square in the left image) and the tracking setup
controls. These controls include the illuminators” azimuthal and polar
angles, tracking area test size, and a tracking off and on switch.

Accuracy of 3D particle tracking using stereo-microscopy. Top left, top
right and bottom left show traces of the measured z, y and z positions
respectively. In each case the two independent measurements (green
and blue lines) are overlaid by subtracting their mean positions. The
red trace indicates the difference between the measurements. Bottom
right shows a zoom in on the highlighted region of the bottom left to
more clearly observe the similarity of the measurements. . . . . . ..
Accuracy of 3D particle tracking using stereo-microscopy in each di-
mension with respects to (a) the level of spatial filtering (aperture size
in terms of a percentage of the SLM screen space) and (b) the exposure
time of the camera (measured in microseconds). . . . . . . . ... ..
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Accuracy of 3D particle tracking using stereo-microscopy in each di-
mension depending on each pair of illuminators with respects to the
level of spatial filtering (aperture size in terms of a percentage of the
SLM screen space) and the exposure time of the camera (measured
in microseconds). The top illustration describes each set of illumina-
tor pairs. The pair of opposite illuminators appear to give the more
accurate results than each set of orthogonal pairs. . . . . . . .. . ..
(a) shows a column of four images of a micro-bead at different heights
with a spatial filter diameter of 2.5mm. (b) shows the same micro-
bead with a reduced diameter spatial filter. In (b) the images are now
more symmetrical, facilitating accurate tracking. . . . . . . ... . ..
A vertical cross-section through a z-stack of images (200 images recorded
at 100 nm height separations) of a 2 ym diameter micro-bead illumi-
nated by a single off axis illuminator. The approximate position of the
micro-bead is marked with a dashed white circle. Optimum tracking is
achieved by choosing the most symmetrical horizontal plane for centre
of symmetry tracking. . . . .. ... Lo
Graphs showing the trajectory paths of the tracked 2um polystyrene
bead in z, with the illuminators at approximately 30 degrees. Here,
we have manually moved the stage axially over a large distance in a
short period. The left graph corresponds to when the SLM override
is switched off, and so the apertures are not changing with respect to
the bead position. The right graph has the SLM override switched
on, where the SLM is continually updating its apertures to allow the
bead to always stay in focus. As with figure 5.10, each case the two
independent measurements (green and blue lines) are overlaid. The
red trace indicates the difference between the measurements. We see a
bigger difference between measurements when the override is switched
0 P
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Chapter 1

Introduction

Optical Tweezers are a useful tool in many aspects of biology, including cell manip-
ulation and micro-rheology [2, 9, 10]. An example of a microrheology experiment in
biology, is the Watts et al. paper ‘Investigating the micro-rheology of the vitreous
humor using an optically trapped local probe’ [11]. Here they used a trapped silica
bead as a probe to measure the micro-rheology of the vitreous humor, by observing

the motion of Brownian motion of the bead.

They are also often used as pico-Newton force transducers, and are an effective tool for
measuring forces acting upon optically trapped particles [3-7]. An example of a force
transducer in Biology is Dienerowitz et al. paper ‘Optically trapped bacteria pairs
reveal discrete motile response to control aggregation upon cell-cell approach’ [1],
where forces were measured between 2 microbes in optical trap, to investigate how

they interact with each other.

It is possible to trap microscopic particles using coherent focussed light, by which we
mean a light source has a constant phase difference and a constant frequency, as long
as the object is bigger than the wavelength used [3, 12, 13]. In Optical Tweezers, the

coherent light source is a laser beam, which is tightly focussed using a high numerical

1
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aperture objective lens, to a point in the sample [14, 15]. The reason for why this
light is able to trap microscopic and nanoscopic particles can be explained via ray

optics.

If an external force acting on a particle (cell or bead), it would cause a displacement
from the centre of the trap, the extent of the displacement being dependent upon the
trap stiffness and the applied force [16, 17]. These displacements and hence forces can
be easily measured if the particle is at equilibrium with respect to the centre of the
optical trap. However, as the position of the particle is constantly changing due to
thermal noise, an accurate measurement of the trap centre requires the positions to
be averaged over multiple measurements. Similarly, if this thermal motion is itself to
be used for micro-rheology studies, the position of the particle needs to be measured
on a time scale which is fast compared to its motion, and thus multiple measurements
are needed over short time scales [9, 18]. Measuring these multiple positions can be
done using a process called particle tracking. This can be achieved simply, by taking
fast frame rate video of the trapped particle, and measuring the position of the bead

centre in each frame.

In this chapter, we describe how Optical Tweezers and optical trapping works. We
look at the typical Optical Tweezer setup, and describe how Holographic Optical
Tweezers differ, and how they can allow much more flexibility in micro-manipulation.
We delve into how one can calculate the trap stiffness of an optical trap, and hence
calibrate the trap to measure pico-Newton forces. We also detail how centroid video
tracking works, which is a key necessity for the work detailed in this thesis. Lastly,
we discuss the objectives set out during this research and discuss the structure of the

thesis.
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1.1 Theory

1.1.1 Optical Tweezers - Ray Optics

Ray optics modelling can provide a good insight into the physics of optical tweezers
[3]. Each photon in a laser trapping beam carries linear momentum p=h/\, where h
is Planck’s constant and A is the wavelength of the laser light. This momentum can
be changed by two processes: reflection and refraction. Here, the law of reflection
states that the angle of reflection is equal to the angle of incidence with respects to

the normal plane perpendicular to a reflective surface. This can be written as:

0, =0, (1.1)

Where 6; is the angle of incidence and 6, is the angle of reflection. The law of re-
fraction refers to the change of angle and velocity of a light wave when light moves
between different boundaries of different refractive indices, such as light moving be-

tween air and glass. This relationship can be described using Snell’s law:

nysind, = nysinbs (1.2)

Where n; and ny are the refractive indices of two media the light is travelling through

and #; and 0, are the angle of incidence and angle of refraction respectively.

If the laser light hits a transparent particle, reflection and refraction will occur, thus
there will be a change in momentum of the light. Newton’s second law states that
momentum should be conserved, therefore there must be a change in momentum on
the particle, and thus a reaction force acting on it. This refracted and reflected light

in the ray optics model can be described using the Fresnel Equations.
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FIGURE 1.1: When the bead is displaced from the centre of the optical trap, the
change in the direction of the refracted light pushes the bead back towards the
equilibrium position. a) An example ray generating a lateral component of the
optical trapping force. b) Example rays generating an axial component of the
trapping force.
To think of it in more simplistic terms, let’s imagine we have a glass football. If we
were to shine a laser right through the centre of the football, the laser light would
just travel straight through, with little reflection and no refraction. This is because
both #; and 6, from equation 1.2 are equal to zero. Therefore sinf; and sinf, are
equal to zero, even though their refractive indices may differ, as the light reaches
the ball when it is perpendicular to the plane. However, if we were to move the ball
slightly to one side, the direction of the light propagation and the plane of the surface
of the ball where the light hits will no longer be perpendicular to each other, and

hence refraction will occur, along with some reflection. This refraction will cause the

light to change direction when travelling through the ball, due to Snell’s law, as the
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refractive index of glass is higher than that of air. This change in direction means

that the light has a change in velocity. There is also a change of momentum, since

p=mu (1.3)

where p is momentum, m is the mass of the photon and v is the velocity of the coherent
laser light. If there is a change in velocity then the light must be accelerating. This
fact, and knowing that there is also a change in momentum on the photons in the

light over time, means there must be a force acting on the light, due to

- dp dv
F=—=m—=ma 1.4
dt dt (14)
Where F is force, % is change of momentum over time, m is mass, %’Z is change in

velocity over time, and a is acceleration.

Newton’s third law states that for every action, there is an equal and opposite reac-
tion, meaning that in every interaction, there is a pair of equal and opposite forces
acting on the two interacting objects, in this case the light and the ball. Therefore, if
there is a force on the laser light there must also be a force acting on the ball. In this
large macroscopic case, the force acting on the ball due to the momentum change
would be tiny and therefore negligible. However, if we were to shrink the ball down
to the microscopic scale, this force is important and large with respect to the object

size. Figure 1.1 shows the different trapping mechanisms in optical tweezers.

When the light enters a microscopic object, free to move in a fluid, it goes from a
low to a higher refractive index, n. Therefore the light is bent towards the interface

normal. If the light was travelling along the normal (the equilibrium position), there
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FIGURE 1.2: An optical trapping force can be described like a spring, with a

spring constant ki.qp. A trap has an optical restoring force, Fyrqp. The trap’s

restoring force acting on a trapped bead follows Hookes’ law and is proportional

to the distance the bead is from the centre of the trap (Ax). Hookes Law can only

be used for small displacements from equilibrium position (~1 radius of the beam

width). Note that the trap centre is slightly above the focus of the beam.

would be no bending of the light. When a particle is displaced away from the equi-
librium, there would be a change in the vector velocity of the light, meaning there is
a change in momentum p, due to Equations 1.3 and 1.4. This results in a reaction
force pushing the object back towards the trap’s equilibrium, so that momentum is

conserved, thus allowing lateral trapping [19]. This force acts like a restoring spring

force, which is equal to:

F = —kAZ (1.5)



Chapter 1. Introduction 7

Where k is the optical trap stiffness, similar to that of a spring constant, and Ax is
the displacement of the bead with respect to the trap centre (the centre of the laser
beam). It is negative due to it being a restoring force, which is acting in the opposite
direction to the trapped bead’s motion, i.e. away from the trap centre. As long as
the displacement of the trapped particle is within a similar scale to the radius of
the beam width, further displacement of the particle from the equilibrium position

results in a bigger reaction restoring force acting on the particle (figure 1.2).

If we were to use only a weakly focussed Guassian beam, the particle is only trapped
laterally, with radiation pressure pushing the particle along the axial direction. How-
ever, when the beam is tightly focussed using a high numerical aperture (NA) objec-
tive (more than or equal to 1.3NA), the particle can be trapped both laterally and

axially.

Axial trapping is achieved when the negative reaction force (often referred to as
the gradient force) on the bead, due to the refraction of the tightly focussed laser,
is greater than the scattering force due to reflection. This force acts to keep the
bead close to the region of highest intensity. For the case of the weakly focussed
beam, stable 3-dimensional trapping can still be achieved by balancing the scattering
forces on the particle from opposing beams. This is described by Ashkin et al. [20].
However, all the experiments described in this thesis use gradient optical traps and
use silica bead sample where the scattering forces are minimised compared to other

commonly used sample such as polystyrene.

Within the trap, particles will still move due to random Brownian kicks [21], from
collisions with the fast-moving atoms or molecules in the sample fluid. This motion
can be tracked and recorded using a high speed camera and computer algorithm, that

can acquire and process images at kHz frame rates [22] . Measuring the Brownian
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motion of a trapped microbead can be used to calibrate the trap, allowing pico-

Newton forces to be measured.

1.1.2 Optical Tweezer Set Up

For a single gradient beam trap to be used in a light microscope, it is essential to
have a laser, and a beam expander. The beam expander adjusts the beam width, so
that it slightly overfills the Fourier plane and the back aperture of the objective lens.
We are able to adjust our trap position in the sample plane, by placing a steerable
mirror at the Fourier plane, allowing the user to have some control over the trap.
The laser trap light then travels through a dichroic filter and tube lens, and passes
through a high Numerical Aperture (NA) objective lens, where the laser beam is
tightly localised, thus forming a gradient trap in which microscopic objects can be

trapped in three dimensions.

This trapped object can then be viewed, using the microscope, with the image light
travelling back through the objective and tube lens, and is then reflected at the
dichroic. The light then goes through a 4f imaging system before reaching the camera,
allowing the image to be viewed and recorded via a computer. An schematic of this

setup is shown in Figure 1.3.

The steerable mirror in the trapping arm of the system can be replaced with many
other components. For example, two bi-prisms or a beamsplitter could be placed
in the Fourier plane, producing two separate static optical traps. Unfortunately,
there would not be much control of the positions of these traps within the sample.
Options for producing time varying optical traps, where the traps are more easy
to position, include using Acousto-Optic Deflectors (AODs) or piezoelectric (piezo)

mirror mounts. AODs and piezos allow rapid movement of a trapping laser at a
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number of trapping sites (ideally suited for more than two trapping sites) based on a
time sharing configuration [6, 23, 24]. Due to the high speed, the laser is much faster
than the trapped bead can respond, and it can appear that there are two traps at
once, even though the trap is only in one spot at a time. However, this trap movement
is not typically smooth, nor is it sinusoidal. To produce more than two optical traps
simultaneously, or produce smooth time-varying optical traps, while still having some
choice in their initial positions, it is convenient to place a Spatial Light Modulator

(SLM) in the Fourier plane, to produce a Holographic Optical Tweezer (HOT).

1.1.3 Holographic Optical Tweezers (HOT)

For some Optical Tweezer experiments, multiple traps or time-varying traps are
required. This was difficult to do traditionally. A way to add multiple traps, where
the number of traps and their positions can be defined by the user, is to place a
hologram in the Fourier plane, rather than steerable mirrors, in the laser arm of the
Optical Tweezer system. This setup is called Holographic Optical Tweezers (HOT)

[25-27]. An example of this set up can be seen in Figure 1.4.

HOT uses an optical element called a Spatial Light Modulator (SLM), a re-programmable
liquid crystal display (typically 512x512 grey scale pixels), that displays hologram
patterns. These SLMs are typically phase only modulators and hence the SLM can
shift or steer the laser beam, without significantly affecting its intensity, in the same
way as a prism can be used. Many SLM displays can run as quickly as a 200 frames
per second, or even 1000 frames per second with the aid of overdrive software [28].
This does not only make it safer to use the setup (as we can control the trap position
remotely away from the laser), but it also allows flexibility in our control of optical
traps. We can design holograms for our desired trap positions and characteristics in

three dimensions, as well as design holograms to correct for trap aberrations, such as
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FIGURE 1.3: Schematic of a generic Optical Tweezer setup with a steerable mirror
in the Fourier plane used to control the trap position. It is based upon an inverted
microscope. The laser beam is expanded, using a 4f beam expander. It then
reaches the steerable mirror, which allows movement of the trap position. Its then
travels through a Fourier lens and travels through a Dichroic filter, and reaches the
tube lens. The beam is then focused in the objective lens, and a trap is formed
in the sample. The sample is then imaged, with light travelling back through the
Objective and Tube lenses. It is then reflected at the Dichroic, reaches an image
plane before being re-imaged again through a 4f setup.
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FIGURE 1.4: Schematic of a generic Holographic Optical Tweezer (HOT) setup.

The steerable mirror (as seen in Figure 1.3) has been replaced by a Spatial Light

Modulator (SLM), a grey scale liquid crystal display that projects hologram pat-

terns. This allows the Optical Trap to be shifted in all three dimensions, as prisms
do, with ease computationally.

spherical aberrations, where not all the trapping laser light is focussed to the same
trapping spot. This causes a decrease in the trap power, making a trapped object
more loosely trapped, making it easier to escape. It is also possible to create complex

trap profiles to suit particular experiments.

When the SLM is placed in the Fourier plane, and no hologram is displayed, the
SLM just functions as a stationary mirror. A hologram can then be designed that

corresponds to the interference of the required plane waves at the Fourier plane,
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resulting in a diffraction grating that can be used to control the number and lateral
positions of the traps. In addition, a lens hologram can also be added to shift the
plane of the traps to another height in the sample, allowing arrangements of traps to

be created and controlled in three dimensions [29].

To create or change the position of a HOT trap one can use the ‘Grating and Lenses’
algorithm [29]. This algorithm combines the individual holograms for each axial (z)
and lateral (x,y) shifts, as shown in equation 1.6. This gives the phase shift (¢)
required to move a trap position x, y, z as a function of the SLM pixels u and v
(vertical and horizontal respectively). Figure 1.5 shows some examples of holograms

used to create and position optical traps.

kv k(u? 4+ v?)

ku
Gay=(u,v) = (— )z + (— )y + z mod 27 1.6
y()f) (f)(sz) (1.6)
Where k is the wavenumber equal to 27” and f is the focal length of the Fourier

transfer lens after the SLM. For multiple traps, we use equation 1.7 to combine the

phase shifts together.

(btotal = arg(z Alewp(jgbl)) (17)

In equation 1.7, the light fields are represented as complex numbers, each with am-
plitude (A) and a phase (¢) [30]. iin the equation represents the trap number. We

only require the argument of the equation (the real part).

In theory, an SLM can produce of the order of 1000 traps. However, due to the finite
power produced by the incident laser, which would have to be shared between all
traps, the number of traps that can be produced is much less. Still, a laser having

the power of a few watts can be used to produce in excess of 100 traps, of suitable
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FIiGURE 1.5: Example hologram images created using the ‘grating and lenses’

algorithm. a) Hologram to create and position the optical trap veritcally. b) holo-

gram to create and position the optical trap horizontally. ¢) mod.27 addition of the

above holograms to create and position one optical trap laterally. d) Complex ad-

dition of the above holograms to create two independent optical traps. Also shown

in ¢) and d) are the corresponding Fourier transform, giving the trap arrangements
in each case.
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strength for applications. It is not only the distribution of the available laser power
that limits the number of optical traps that can be produced. Each trap requires a
hologram and these all have to be combined to produce the corresponding hologram
to achieve the desired trap distribution. For distributions of more than 100 traps, the
computational problems associated with combining the individual holograms becomes

harder, resulting in a significant reduction in hologram update rate on the SLM.

Although this method produces desired spots, it also produces undesired spots. As
we only modulate the phase and not the magnitude, there is too much light on
some parts of the hologram. The extra light appears as ‘ghost orders’ and produces
‘ghost traps’ that are not intentional. Ghost orders can become a problem in many
trapping experiments, especially in highly symmetric trap arrays, where amplitudes
are identical. Ghost orders become more problematic at more complex hologram

designs.

Another way of designing a phase shifting hologram to allow trap movement is to use
an iterative algorithm, such as the Gerchberg-Saxton algorithm [31]. The method
uses Fourier Transforms to retrieve the phase when the intensity of light is known at
the source, and the desired intensity and image is known for the target. In our case the
target is the sample and the desired target intensity is the desired trap arrangement.
The Gerchberg-Saxton method is more mathematical and computationally intensive
compared to ‘Gratings and Lenses’, and thus can be more time consuming, which
has been mentioned in Di Leonardo et al. [32]. However, we can use the positive
aspects of both methods and use a combination of the Gratings and Lenses method
and the Gerchberg-Saxton method, to optimise the hologram design, and thus the

optical traps.
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1.1.4 Force Measurements Using Optical Tweezers

Optical tweezers are a useful tool in many aspects of biology, including cell manipu-
lation and active micro-rheology. They are often described as pico-Newton sensitive
force transducers, and when used in this way, they can be an effective tool in mea-

suring forces acting upon a trapped object [3, 4, 6, 7].

The way these forces can be measured is fairly simple, if the trapped object is at
an equilibrium with respects to its corresponding optical trap’s centre, and if the
object’s position can be easily measured, is to equate external forces acting on the

object to the optical trap force. This trap force is equal to:

?trap = _K/trapA7 (18)

where Kypqp is the stiffness of the optical trap, and Ax is the displacement of the
trapped object with respects to the optical trap centre. An average position over a
longer period of time needs to be calculated, to follow the Brownian motion of the
trapped particle. If we do this over a long period and record the timing data, this
average is called the Mean Square Displacement (MSD). If we do this over a shorter

period, and do not record the timings, the average position is the variance.

To measure forces and use Optical Tweezers in experiments, we must determine a
value for &, and thus must calibrate the tweezer [33]. There are many way to do this.
Normally it is calculated, for each degree of freedom, using Eq. 1.9, which is known

as the equipartition of energy theorem:

kT = -k <a” > (1.9)
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where k; is the Boltzmann’s constant, T is the absolute temperature (usually 293K,
room temperature), and <x*> represents the variance (as it is not time dependent).
By measuring the average position of the trapped object with respects to the trap
centre we are able to rearrange Eq. 1.9 to calculate x. This gives an numerical answer
for k without needing to know the sample fluid’s viscosity. However, for the equipar-
tition theorem to be valid, the sample fluid must be at thermodynamic equilibrium,
meaning no other reactions must occur in the fluid other than friction. Unfortunately,
this is not the case for some biological fluids, as some chemical reactions may occur.
Therefore the equipartition theorem would give incorrect results, and would therefore

not be a desired way to calculate optical trap stiffness in biological applications.

The equipartition theorem only applies, for small displacements from equilibrium
position, as Hookes’ law can only be used under this condition. We can therefore
use the theorem with the variance of the bead, and therefore can be used in force
transducer experiments. It cannot be applied with MSD, and therefore cannot be

used for micro-rheological experiments.

Another process to measure k, and hence forces acting on trapped objects, is by
finding the relationship between the power of the trap and the frequency of the
movement of the trapped object, and hence finding the power spectrum of the trap
[22, 34]. This measurement is in the frequency domain, where the corner frequency
(w.) of the produced spectrum provides information the stiffness of the optical trap
divided by the viscosity (w. = k/7). If the corner frequency is very distinct and
measurable, it is much easier to find a numerical answer for k. An example of a

power spectrum is shown in figure 1.6.

However, this power spectrum process only works if the fluid is Newtonian and its
viscosity is known, which is not always the case for optical tweezer experiments.

Another issue with the power spectrum procedure is the apparent noise. Spectra
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FIGURE 1.6: An example of a power spectrum for x and y tracking data in
brightfield, with low noise in the system. Note that the curve is similar to a
Lorentzian curve, and so reading a corner frequency, and thus finding the optical
trap stiffness, can be done with ease.
produced are usually very noisy, and must be fitted to a Lorentzian. Care must be
taken when fitting a Lorentzian, particularly if the fluid is non-Newtonian or the fluid

is not at thermodynamic equilibrium. If the fit is wrong,  results will be skewed and

incorrect. This has a bigger effect with higher frame rates.

Another way to find x is to track the position of the trapped object over time and
find the autocorrelation of the displacement [35]. This procedure is done in the time

domain. This autocorrelation is found using equation 1.10.

((0)2(1)) = (e*)exp(—) (1.10)
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FIGURE 1.7: An example of an autocorrelation function for x tracking data in
fluorescence, with noise in the system. This data is taken from Chapter 2. Note
that the fit is straight up until the forth data point, before the gradient changes.
This is when noise begins to show. At this point, the noise in the system should
be considered and factored in. Information about the value of x is taken from the
decay of the slope.
where <x?> is the variance of the trapped object displacement from the centre of the
trap, and 7 is the characteristic decay time of the system. This decay gives two in-
dependent parameters: trap stiffness (k) which can be calibrated using Equation 1.9,
and the drag force coefficient () which is directly proportional to fluid viscosity [10].
The y-intercept of the autocorrelation produced using the equation equates to the

variance of the particle motion. We can calculate x using Equation 1.9 and hence

use Equation 1.10 to find the fluid viscosity, as:

6mrn
= — 1.11
r=-= (1.11)

where 1 is the radius of the trapped object, and 7 is the fluid viscosity.

If we were to use this procedure, we would take a long measurement, then split the
data up into smaller time segments and build up a table of averages. The autocorre-

lation of the particle position also gives information about the standard deviation of
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the bead motion via the y-axis intercept value .

The noise in this correlation is clearly visible, as it after the constant gradient corre-
lation. Therefore it can easily be taken into consideration when calculating x, which
is an advantage when it comes to fitting. The fluids in this method do not necessar-
ily need to be Newtonian either, and works for visco-elastic fluids, which would be

helpful in some biological experiments.

As the position of the trapped particle is constantly moving due to the thermal
motion, we need statistically valid measurements, so all three processes require the
knowledge of the trapped particle’s position over a set length of time, to find the

particle’s average position, and hence high speed tracking of the particle is required.

There are methods of measuring optical trap stiffness, and hence force without track-
ing particle position [23, 36, 37]. One method is taking a drag force trap stiffness
measurement. For the drag force method, a trapped bead is moved at a constant
velocity through the sample fluid. The force acting on the bead is proportional to

the velocity of the bead as:

F = 6mn R, (1.12)

Where 7 is fluid viscosity again, R is the radius of the trapped particle, and v, is the
particle velocity. This force moves the bead away from the trap centre until the drag
force is in equilibrium with the optical trapping force. Therefore, by using equation
1.8, we are able to calculate k. Forces can also be measured by slowly accelerating
the trapped particle, until it escapes the trap. The optical force can then be equated
to the drag force, using the velocity of the bead at the point of escape. For both, a

known and constant fluid viscosity is required for this method.
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It is important to point out that this method requires a relatively clear sample such
that no contaminant particles affect the measurement of the escape force of the trap,
in addition to assuming a uniform sample fluid viscosity. It is therefore less suited to

applications requiring point measurements.

1.1.5 Particle Position Tracking

In early high-speed tracking work, Quadrant Photodiodes (QPDs) were commonly
used to track a particles’s position at rates of several thousand frames per second
(36, 38, 39] due to their extremely sensitive way of measuring the position of a trapped
particle. This can be done by detecting displacement of a trapped bead by measuring
the displacement of the laser spot in the back focal plane of the condenser, using a
QPD. This consists of four detector quadrants, and measures the total intensity that
reaches each quadrant (due to the laser beam deflection). Differential amplifiers are
used to work out the lateral position of a particle, while summing amplifiers can
be used to work out its axial positions. The QPD tracking method has precision
reportedly of up to 1¥10 ~'°m [40]. This technology however does not allow you to
simultaneously view the trapped particle while recording data and can be difficult to

calibrate, especially when used to measure the axial displacement of a particle.

The development of high-speed CMOS video cameras has allowed QPD technology to
be replaced with video microscopy, allowing one to view the particle while recording
its tracking position data. If the region of interest on the CMOS is significantly
reduced in size so as to only image the particles of interest, we are able to get tracking
frame rates of up to a few thousand frames per second [41], and even tens of thousands
of frames per second for more sophisticated cameras [42]. Another advantage to using
CMOS for video tracking rather than QPD is that video tracking programs can be

easily extended to track multiple particles simultaneously, High-speed video-tracking
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FIGURE 1.8: An example of the intensity of an image, in the x axis, through the

thresholding process. A threshold is placed on the original intensity chart, with

every intensity below the threshold set to zero. However, noise can result in large

fluctuations at the points where the threshold is applied. A solution is to subtract

the background from the original intensity, leading to no intensity within the image

to be less than zero, which then gives our new thresholded intensity. The position

of the centre of the particle is then at the centre of this new intensity chart.

is also fairly simple to calibrate, enabling an absolute measurement of the transverse
displacement of the particle [22, 43, 44], and can achieve a precision of approximately
Inm (1/100 of a pixel) [45]. These examples of high-speed video tracking are an

extension of earlier particle tracking work, which had previously been limited to

standard video rates due to the available technology at the time [46].

The vast majority of this previous work utilising video tracking in optical tweezers was
performed using brightfield microscopy. Video particle tracking is easy to implement
in brightfield, as long as the trapped particles are both uniform and spherical (such
as a bead), and there is a clear centre of mass or symmetry [46]. At this point, the
video can be thresholded, where the pixel is set to black if the intensity is below a
certain level. This is so that only the centre of the particle is viewable, eliminating
any background light. An example of the intensity of light during this process is

illustrated in figure 1.8.
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At this point, a centroid, centre of mass or centre of symmetry algorithm can be
performed on the ‘thresholded’ video data, to find the mean position of the particle
over time. There has been various studies on the effect these algorithms may have
on errors [47, 48], and so one should choose the optimum algorithm with care, but
approximately these algorithms can give tracking data with precision in the order of

nm [22].

In this work we mainly used a centroid tracking algorithm. This is a very simple but
efficient way of finding the position data of a trapped particle. For example, let’s call
the intensity of a pixel at position (x,y) I ,,. The sum of the intensities of all the

pixels is given by:

Sy =51, , (1.13)

Then if we evaluate the sum of the intensities multiplied by x and y each time as:

Sy = 5,5, X I, (1.14)

Sy = SuXyy X Ly (1.15)

we can weight the points by their intensities. We can then find the position of the

centre as:

S, S,
(5.5) a1
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1.2 Objectives of the Thesis

In this thesis, we investigate ways of improving and optimising the tracking of mi-
croparticles for various optical tweezers applications. We discuss how we could opti-
mise and advance the tracking of optically trapped biological samples. Despte some
of the applications to biology, all of the experiments here were compared using care-
fully calibrated spherical and symmetrical silica microbead samples. This includes
investigating imaging and tracking in fluorescence, and asking the question which is
the best type of camera for high speed video microscopy in very low light conditions.
We investigate the possibility of producing non-invasive traps, predominantly hydro-
dynamic traps, and so observe different models of how hydrodynamic forces can affect
statically trapped beads. We also look at the precision of three dimensional tracking

using Optical Tweezers combined with stereo-microscopy.

By optimising the more generic Optical Tweezer setup (by sometimes making small
changes to the original setup) we will obtain new and more precise data and informa-
tion, and may be able to perform new and interesting experiments, especially within

Microbiology and Micro-rheology.

1.2.1 Structure of the Thesis

In Chapter Two, I will describe a commercial Holographic Optical Tweezer system
that I redesigned. I will discuss the changes that were made, and how this resulted in a
system that was more reliable and easier to maintain and troubleshoot. In addition,
optical abberations were reduced and the effects of crosstalk between holographic
traps minimised. A low cost fluorescence illumination setup was added to allow

future applications of the tweezers in tracking biological samples.
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In Chapter Three, I will investigate particle tracking at very low light levels, specif-
ically in fluorescence. I will demonstrate the best process to use to calculate the
trap stiffness k, as well as discuss how using two state of the art Scientific cameras,
the sCMOS and the EMCCD, can increase tracking frame rates, and provide more
accurate tracking data than using a more generic CMOS camera. We also ask the

question, which of these two camera types is best to use.

In Chapter 4 I discuss how trapped particles behave under time-varying hydrody-
namic forces. I look at two main hydrodynamic flow systems, and link these simple
models to water living bacteria, that live in low Reynolds number environments. I
discuss whether hydrodynamic trapping could be a viable option for future biolog-
ical trapping experiments, providing a method of creating traps that are much less
invasive compared to their laser based equivalents. Part of this work has been dis-
cussed in the Hay et al. Optics Express paper “Lissajous-like’ trajectories in optical

tweezers” [5].

Chapter 5 is based on the work discussed in the Hay et al. Optics Express pa-
per “Four-directional stereo-microscopy for 3D particle tracking with real-time error
evaluation” [49]. T discuss the advantages of using stereo-microscopy for 3D particle
tracking, as well as describing the extension of the stereo-micrscopy to Quad stereo-
microscopy, providing a more robust method of tracking microparticles in 3D and

with additional information on the tracking errors.

The work is concluded in Chapter six, where all the work will be summarised, and
quantitative results will be restated. I discuss the prospect of future research on each
chapter, and mention the idea of combining work from each chapter, to produce a

new stereoscopic Holographic Optical T'weezer setup.



Chapter 2

The Redesign of the Meadowlark
Cube

This chapter presents work on redesigning and building a commercial Holographic
Optical Tweezer (HOT), making the system easier to align and improving the relia-
bility of the particle tracking data. The option of fluorescence microscopy was added
using a simple low cost LED as the excitation source. Like the original design, the
new design remains relatively compact and has the potential to be easily transported
between research facilities in initiate collaborative projects. There are many potential
applications of HOTs with fluorescence imaging, especially within biology. It is soon
realised that there are potential applications in microrheology of biological systems,
which requires a means of detecting the fluorescence at high frame rates. The work
of this chapter has led on to a project where state of the art scientific cameras are
evaluated for the tracking of fluorescent particles, at high frame rates and for low

photon flux. More details of this can be found later in chapter 3.

25



Chapter 2. The Redesign of the Meadowlark Cube 26

2.1 Background

‘The Meadowlark Cube’ is a commercial holographic optical tweezer product that was
developed at Glasgow University and Meadowlark Industries in Boulder, Colorado
[8]. Its main selling point is that it is only one cubic foot in size, thus making it
compact, stand-alone and portable. However, because the setup contains an SLM, it
still allows multiple HOT traps simultaneously (up to 100’s of traps), which allows
the 3D manipulation of objects with a variety of material characteristics, ranging in
size from 10’s of nanometers to 10’s of microns. It works across a field of view of

200x200 microns.

In order to achieve the compact optical layout, a unique design was used where the
same lens forms part of the laser beam expander and also the Fourier lens for the
traps. A consequence of this is the aberrations of the laser light or trapping beams
passing through this lens off axis. The aberrations arising from this make it harder
to determine the position of a trapped object, and can lead to the calibration of the

whole system being degraded, and trap-stiffness results possibly being skewed.

The developers take advantage of the SLM in the setup, as the SLM hologram can be
used to correct such aberrations. This software works by dividing the SLM into ‘sub-
apertures’. Each sub-aperture projects a spot onto the sample at different positions,
producing a distortion of an array of spots, which is then tracked. From this, the
phase pattern can be found for the corresponding aberration by recovering the tilt
of the aberration phase surface of each of the sub-apertures. This phase pattern is

subtracted from the SLM hologram to cancel out the aberration.

Now not only is the SLM used to split the laser beam into it’s separate traps and
position the traps within the sample, it also corrects for aberrations, so that the

quality of the trap is improved. However, many problems can occur by combining
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the two roles onto one SLM. Firstly, combining tasks for the SLM leads to a decrease
in trap power and stiffness, as more laser power is being lost at the SLM, and less
is reaching the sample. This has been overcome previously by increasing the laser

power.

Combining SLM roles also increases the chance of issues involving cross-talk, which
came apparent in Dienerowitz et al. research involving biofilms [1]. Cross-talk is
when there is unwanted transfer of signals between multiple optical traps. In the case
of HOT, this is usually caused by the hologram design on the SLM. In this work,
they wanted to measure force interactions between two holographic optically trapped
Bacillus subtilis during approach. Because of the cross-talk between traps due to
the hologram design combining the trap production and aberration correction, the
accuracy of the tracking data is limited. This may be especially true when measuring

the forces between a pair of optically trapped particles or bacteria in close proximity.

Another issue that stems from adding the aberration correction software to the SLM
is that the SLM becomes a compulsory part of the system. As mentioned in the
theory section, an SLM is not required to optically trap an object, and a mirror
can be used in its place. This is useful to remember in situations such as diagnostic
checks. When diagnosing issues with a typical HOT system, one of the best ways to
check is to switch off the SLM or to replace the SLM with a mirror, and to check if
it is possible to produce a single trap. If it is not possible, the cause of the problem
may be an alignment or component issue. If it is possible to trap using a mirror, it is
clear to see that the problem is with the SLM or the hologram design. However, this
diagnostic test cannot take place with the current design of the Meadowlark Cube

due to the SLM being required for the aberration correction.

For this reason, we decided to redesign the Meadowlark Cube. We want to keep its

selling qualities. We still want it to be compact, stand-alone and portable. We also
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FIGURE 2.1: (a) is an image taken from the Cube of a focussed spot without any

aberration correction. (b) is the hologram placed on the SLM to correct for the

aberration. (c) is an image taken with the Cube with the aberration hologram on

the SLM [8]. This aberration correction hologram is no longer required with the
new Cuboid design, reducing cross talk and ghost traps.

want to keep its specifications involving trap number and the sizes of objects that
can be trapped. However, we would also like to be able to remove the need and
dependency of the aberration correction software, resulting in a system where it is

easier to perform diagnostic tests. Crosstalk between traps is also reduced.

Another aspect we want to add to the Meadowlark Cube system is the opportunity
to use Fluorescence microscopy. Fluorescence can be a useful tool when using the
Meadowlark Cube for biological experiments such as Dienerowitz et al. [1], when the
sample is not spherical nor symmetrical [50, 51]. When trapped objects experience
Brownian kicks in the axial direction within the trap, the sample can experience a
torque, causing the sample to roll and rotate. If the object is non-spherical, such
as a cell, it can be difficult to distinguish between the orientation of the cell and its
lateral displacement. This makes the trap more difficult to calibrate, and gives less

accurate results for trap stiffness [52].

It was shown in McAlinden’s 2014 paper that using fluorescence when tracking a
cell’s position can significantly improve the tracking data. Under a normal visible
brightfield microscope, some organelles within the cell are visible, and are still mo-
bile when cells are optically trapped. This will cause problems when using centre of

mass and centre of symmetry tracking algorithms, as the centre of mass and centre
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of symmetry of the cell will change position significantly over time. If the cell is
fluorescently dyed, and viewed under a fluorescent system, the cell’s organelles are
no longer visible, and the cell appears more uniform and opaque, making the chance
of a change in the centre of mass or symmetry significantly smaller. This helps in
making cell positioning more definite. Also, by using fluorescent stains and applying
a smoothing algorithm, large features associated with cell roll can be reduced without
losing the cell’s main shape, due to the cell roll being slower than the Brownian mo-
tion. This allows more accurate thresholding of the image and can improve tracking

results.

A common downside to fluorescence microscopy is that the camera must acquire
images over relatively long exposure times, and hence must run at a low frame rate.
This is not ideal for high speed video tracking in optical tweezers when information
of the trap dynamics is required. When using a generic CMOS camera, we are able to
track our fluorescent samples at around 20-30 frames/second. This frame rate could
be considerably increased by using a scientific camera such as a Scientific CMOS or
EMCCD (as mentioned in Chapter 3) and a reduced region of interest, allowing us

to decrease the amount of data acquired and track particles in real time.

We added a compact, low-cost, fluorescence illumination based on a high-power blue
LED. We investigated two different methods of coupling the excitation light into the
setup. One way was to add the illumination in the imaging arm of the system to
back illuminate the sample. The other was to add the illumination to the original
red LED illumination microscope source. In both instances, the samples were silica
beads stained with a fluorophore called green fluorescent protein (GFP). This has an
excitation centre wavelength of 469nm. The emission wavelength of the protein is
525nm, allowing the stained part of the sample to fluoresce green, and to be imaged

by the camera. We found that the images produced were better (having higher
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contrast) when the sample was back illuminated, with the illumination travelling to
the sample via the objective lens. This is because, when the bead is being excited by
the light in the original brightfield illumination position, the side of the bead being
excited is not facing the camera, hence dimmer images are viewed, making the bead
more difficult to track at higher frame rates. Also, the dichroic filter used to couple
in the back illuminated (blue) light also helps to filter out the backscattered light,

allowing the camera to only image the emission (green) light.

For the fluorescence mode to work, the set up also required an excitation and emission
filter, as well as the dichroic filter, used to reflect the blue 469nm excitation light
towards the sample. The 469nm light travels to the sample via the objective lens,
and exciting the fluorophore, which in turn emits the 525nm emission light. The
emission light is collected by the same objective and tube lens and eventually reaches

the camera where the fluorescence image is formed.

2.2 Optical Configurations of the two HOT De-

signs

In the original Meadowlark setup, the Fourier lens is shared with the beam expander,
hence producing the undesired aberrations, which need to be corrected using the
SLM. This was originally done to save space, and to fit the whole system in a one
cubed foot space. The design of this setup is shown in figure 2.3. In our setup, we
decided to separate this lens into two individual lenses; the beam expander lens and
the Fourier lens, containing a beam expander that can be removed without affecting
the other parts of the set up. This was not the case before, as by removing the beam

expander, the Fourier lens would have also been removed. This setup is shown in
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FIGURE 2.2: Schematic of the original Meadowlark Cube. The laser is expanded

to fill the SLM. One of the beam expander lenses is then reused as the Fourier

lens, leading to aberrations, causing the degrading of the traps before aberration

corrections are added to the SLM. After the Fourier lens the laser light is coupled

into the microscope with a dichotic filter. A high speed camera allows accurate
position tracking of trapped objects.

figure 2.4, and now has the laser beams passing through the centre of the lenses,

reducing aberrations.

Unfortunately, by adding the extra lens, the system was unable to keep its precise
cube shape. Therefore, to keep it compact, stand-alone and portable we had to
redesign the setup and reposition certain components within the system. Separating
the laser beam expander and the Fourier lens added ~50% to one dimension of the

system. This allowed some extra space in which we could replace the fibre coupled
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FIGURE 2.3: 3D models of the original Meadowlark Cube tweezer system. With

it being only one cubic foot in size, yet still allowing multiple HOT trapping, it’s

main selling point is that it is compact, stand-alone and portable. However, there

are aberration issues due to using the same lens as both a beam expander and a

Fourier lens, so that the product can stay portable. Figure from Reference [8].

A space for a filter holder is left to allow filters to be added to epi-fluorescence

illumination.

laser in the original setup with a fixed solid sate laser. Despite the solid state laser
head being larger than the output end of a fiber laser, the system benefited from
the overall reduction in size and complexity of the laser source as a whole, including
the power supply and control electronics. Having a compact optical tweezers system
in which all optics components are mounted on a single unit is an advantage when
transporting the system, avoiding the need to maintain an optical fibre link between
two separate units. The laser used for trapping was moved to behind the main
microscope, and two mirrors were used on either side of the beam expander to steer

and position the laser beam onto the SLM. The new shape of the system is now

cuboid (24x18x12in), and so it is still fairly compact.

We also had to move the camera in the set up. We found that when the camera was
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FIGURE 2.4: Schematic of the new Cuboid. The laser is expanded to fill the
SLM. There are two distinct lenses in place of one for the beam expansion and the
Fourier lens. After the Fourier lens the laser light is coupled into the microscope
with a dichotic filter. A reconfigurable filter holder is found in the camera arm,
allowing the use of epi-illumination for Fluorescence microscopy and imaging.
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in its previous position, the image of the sample was out of focus with respect to
the laser trap. This was previously overcome by, yet again, designing an appropriate
hologram on the SLM, to move the trap into focus. Ideally, the camera had to be
closer to the tube lens in the system. Unfortunately this was not possible, as the
dichroic beam splitter was required to be in that preferred position. For this reason,
we re-imaged onto the camera using a 4f imaging setup, a setup made up of two
lenses separated by the sum of their focal lengths. This set up allowed the camera to
access the image plane that was previously blocked by the dichroic beam splitter and
its associated mountings. To save space, we turned the imaging arm by 90 degrees,

so that the 4f imaging was in parallel to the main microscope frame.

Between the two lenses in the 4f re-imaging system in the camera arm, is where the
fluorescence filter holder is located, required for the epi-illumination for the fluores-
cence microscopy. This holds the excitation filter, which is placed just after the blue
fluorescence illumination source, the dichroic beam splitter, and the emission filter,
which is placed in front of the camera. The excitation filter allows only a narrow
spectral band of light centred on the excitation wavelength to travel through to the

microscope sample.

The resulting fluorescence emission from the sample is filtered by both the dichroic
beam splitter and the emission filter, resulting in only emission wavelengths reaching
the camera. The blue epi-illumination is provided by a blue LED source, which is
perpendicular to the CMOS camera, facing the main microscope body and SLM.
The new HOT system is now able to produce fluorescence video images of stained

microbeads in real time, of suitably high contrast for particle tracking (see figure

2.5).
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FicURE 2.5: Live image of two optically trapped fluorescing 1.5um silica beads

taken from the imaging and data tracking Labview program. See that the beads

are circularly symmetrical in shape. Here we see a highly fluorescing bead and

a dimmer fluorescing bead. This is due to the dimmer bead performing less ex-

citation, either due to a lack of fluorescence coating or less blue excitation light

reaching the dimmer bead. This image was taken using the Dalsa Genie camera
running at a frame rate of 18 frames per second.
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2.3 Conclusion

We redesigned the commercial product ‘the Cube’ and built the new ‘Cuboid’. The
new design, was still relatively small and compact, but some of the original design
‘flaws’, such as transporting the system with a fibre coupled laser, were removed.
The main example of a removal of a flaw was removing the need and dependency
of any aberration correction software which the Cube previously required. This was
done by replacing the shared beam expander and Fourier lens with two individual
lenses, one for each task. This led to laser light not being off axis while travelling
through lenses, and hence a reduction in cross-talk of the tracking data of two or
more optically trapped particles. We also incorporated fluorescence imaging using a

compact, low cost, LED illumination source.

The Cuboid setup would be a desired choice of tweezers to use in future HOT collab-
orative work with other research groups, as it has a small, compact and standalone
design, making it easily transportable. For this reason, the Cuboid will be used for
future collaborations with David Phillips at Exeter University, as well as internal
collaborations with the Microbiology and Chemistry Departments at the University

of Glasgow.

While investigating potential applications of the new HOT with fluorescence imaging,
it was clear that there are applications where additional information is required over
standard particle position measurements. Such examples could include microrheology
studies using tracking data of fluorescent stained cells. In such cases particle tracking
at high frames rates are required in order to recover information on the trap dynamics.
Chapter 3 covers details of evaluating current state of the art scientific cameras for

high speed particle tracking in very low light conditions.



Chapter 3

Comparing EMCCD and sCMOS
cameras for low-light high-speed
position tracking of optically

trapped fluorescing particles

We learnt from the last chapter that fluorescence microscopy can be a useful tool when
combined with HOT, especially when tracking non-spherical particles, or non-uniform
samples such as cells. However, when video tracking particles (for experiments such
as for micro-rheology research), a fast frame rate may be required to obtain as much
information as possible about the particle’s position. For this reason, it is best to use
a higher speed scientific camera, that allows quicker frame rates at lower intensities.
In this chapter, we compare 2 different types of scientific cameras to see if they can
improve our particle tracking results. The two cameras being compared are fairly
large, and therefore this experiment was not done on the small Cuboid, but on a

larger fixed system, where there was space to fit both cameras to the set up. This
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fixed system still allowed the use of the LED based fluorescence system developed
for the Cuboid in Chapter 2. We use spherical beads rather than a non-spherical
sample or cells as spherical beads have known specifications including excitation and
emission wavelengths, size, and fluorophore stain amount. This information helps to
make a fair comparison, and thus evaluate their suitability for fluorescence position

tracking experiments.
Here is an abstract for the following work:

We compare the performance of an Electron Multiplying CCD (EMCCD) camera
and a scientific CMOS (sCMOS) camera for the high-speed tracking of fluorescent
particles trapped within an optical tweezer. We characterise the motion of the par-
ticle using the autocorrelation function of its image centroid and examine how the
performance of the two cameras depends upon the fluorescence intensity. We show
that for fluorescence intensities in excess of a few thousand photons per frame both
camera types yield position tracking data that allows the recovery of both the trap
stiffness and the motion dynamics. For fluorescent intensities on the limit of detection
there is evidence to suggest that an EMCCD camera provides marginally improved
tracking data compared to the sSCMOS but that noise inherent in the photon statis-
tics, combined with the size of the fluorescent particle, dominates over the camera

noise itself.

3.1 Introduction

As covered in section 1.3, Optical tweezers are often used as pico-Newton force trans-
ducers, and are an effective tool for measuring forces acting upon optically trapped

particles within a fluid [3-7]. An external force acting on a particle (cell or bead)
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causes its displacement from the trap centre, the extent of the displacement being

dependent upon the trap stiffness (k) and the applied force.

As the position of the trapped particle is constantly moving due to the thermal
motion, to measure k we need to know the trapped particles’s position over time. If
the tweezers are using the experiment as a force transducer, with this information,
we can either calculate the variance and use the Equipartition theorem to finde k.
For this process, no time information is required. If the tweezers are being used for a
microrheology experiment, the MSD must be found, and either the autocorrlation of
power spectrum method is used to find k. TO use the MSD, we require high-speed

particle tracking, which can be performed using high-speed video.

The vast majority of this previous work utilising video tracking in optical tweezers was
performed using brightfield microscopy. Video particle tracking is easy to implement
in brightfield, as long as the trapped objects are both uniform and spherical (such as
a bead), and there is a clear centre of mass or symmetry. However, when the object
is non-spherical (such as a cell) problems can occur, for example a rotation of the
object can be mistaken for a lateral shift, due to a change in its 2D image shape. The
consequence of this is skewed and misleading data being calculated from the centroid

measurement algorithm.

There are alternatives to brightfield microscopy that can be used to overcome such
problems that occur by using a brightfield mode. One example is fluorescence mi-
croscopy: a useful tool in many aspects of microbiology, particularly for particle
tracking, where McAlinden et al. noted that using fluorescence can significantly im-
prove the tracking data for an optically trapped cell [52]. Under a regular brightfield
microscope some organelles within the cell are visible and mobile even when the cell is
optically trapped. This movement will cause problems when using an image-centroid

tracking algorithm, because as stated before, the 2D image shape will change and
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thus the centre of the cell will appear to move more over time, leading to skewed
tracking data. If the cell is marked with a fluorescent dye and viewed under a mi-
croscope, the cell’s organelles are then no longer visible and the cell appears more
uniform and opaque [53, 54]. This means the cell’s shape does not appear to change
as significantly as under brightfield. This leads to data not being so skewed and a

reduction in errors, hence an increase in tracking data quality.

There are setbacks when using fluorescence microscopy, especially when considering
video tracking due to the typically reduced light levels in the image. Using a regular
CMOS camera to video track fluorescent particles requires long exposures, due to the
reduction of light intensity. Although, high frame rates are not required to measure
the variance and therefore x, we would be unable to measure the MSD of the particle
as the frame rates that are acquired are typically too slow to track its Brownian
motion, for micro-rheolgocial experiments [48]. Information would be lost between
frames at low frame rates due to the particle drift being missed, affecting the MSD

measurement, and thus skewing the x result.

In recent years, advances in camera technology such as Electron Multiplying CCD
(EMCCD) and scientific CMOS (sCMOS) cameras have allowed images to be ac-
quired at kHz frame rates even at very low photon fluxes (~1000s photons/frame),

with a reduced region of interest [55].

EMCCD cameras are single photon sensitive, allowing shorter exposure times, and
faster frame rates. EMCCD cameras differ from conventional CCD cameras as they
have a dedicated gain register before the readout register. In the detection process
of the EMCCD, photons with a high enough energy generate photoelectrons that
are stored within the pixel element. These charges are then shifted, making their
way to the readout register. The EMCCD’s dedicated gain register amplifies the

signal by accelerating the photoelectron across a potential difference of several tens
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of volts. This process generates secondary photoelectrons that are subsequently read
out. This ‘avalanche’ process therefore can multiply even the smallest of signals,
which unfortunately also includes the noise within the read out circuitry [56, 57].
This amplification process give EMCCD’s a typical quantum efficiency of up to 90

percent, and has a large dynamic range.

sCMOS cameras are based on scientifically graded CMOS image sensors, and are
capable of simultaneously delivering extremely low noise, high frame rates, large
dynamic range, high quantum efficiency (around 80%), high resolution and a large
field of view [58]. Despite not being able to detect single photons, these properties
make it possible to acquire high fidelity images with a high frame rate, even in the
absence of avalanche gain. Therefore, in fluorescence optical trapping, either an
EMCCD or sCMOS can be used to track particles at higher frame rates compared

to standard CMOS and traditional CCD cameras.

sCMOS cameras are also significantly cheaper than EMCCD cameras. We therefore
determine what the minimum fluorescence light levels are for reliable tracking, allow-
ing the user to make the optimum choice for a particle experiment. It is also worth
noting that sCMOS cameras are often standard equipment in a biology research

laboratory.

The Andor iXon3 897 EMCCD camera used can be liquid cooled to temperatures as
low as -85°C. It has a 512x512 full-frame resolution with a pixel size of 16pumx16um,
with a 4x4 hardware binning. SCMOS cameras are usually made to be un-intensified,
and can be liquid-cooled to a temperature of -30°C. The Hamamtsu ORCA-Flash4.0
V2+ sCMOS used in the experiment has a 2048x2048 full-frame resolution, with a
pixel size of 6.5ux6.5um, and allowed 2x2 hardware binning. Care was taken in the

choice of imaging lenses after the camera box, to make sure spatial sampling in terms
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of pixels per bead per frame was the same for both cameras. This is important to

ensure a fair comparison of the tracking performance of the two cameras.

In this work we compare the two camera types to determine their suitability for
tracking fluorescent beads at high frame rates using images with a low photon flux.
We compare the accuracy of position and trap stiffness measurements of a trapped
fluorescing silica bead of diameter 1.5um. These spherical beads have known spec-
ifications including excitation and emission wavelengths, size, and fluorophore stain
amount. This allows us to make a fair comparison between the cameras, and to

evaluate their suitability for fluorescence position tracking experiments.

We investigate how much fluorescence intensity is required by each camera to track

the bead at an image rate of 250 frames per second (fps).

3.2 Method

3.2.1 Experimental setup

Figure 3.1 shows a schematic of the tweezers system used in this work. The system
is based around an inverted optical microscope similar to that reported in [22]. A
1064nm wavelength, 3W laser (Laser Quantum, Ventus IR) is used to produce the
trap. The laser output beam is expanded, slightly overfilling the aperture of a spatial
light modulator (SLM) (Boulder nonlinear optics). Using an SLM and appropriate
software enables us to dynamically change the trap position by using the gratings
and lenses algorithm [43]. The light diffracted by the SLM is re-imaged onto the back
focal plane of the objective lens, 100x 1.3NA (Nikon, Plan-Fluor). This focuses the

trapping laser beam in the sample cell.
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FIGURE 3.1: Schematic of the setup used. The laser output beam is expanded,
slightly overfilling the aperture of the Spatial Light Modulator (SLM) (Boulder non-
linear optics, XY series 512x512 pixels). After the Fourier lens, the light diffracted
by the SLM is re-imaged onto the back focal plane of the objective lens, 100x
1.3NA, (Nikon, Plan-Fluor), which focuses the trapping laser beam in the sample
cell. The fluorescence excitation source is a blue LED (Luxeon Rebel) filtered with
a 485/10 nm filter and is coupled through the objective using a dichroic beam
splitter. Within the same filter cube a 510/10nm filter ensures that only the flu-
orescence is detected. We used both sCMOS (Hamamatsu ORCA-Flash4.0 V2+)
and EMCCD (Andor iXon3 897) cameras to image the fluorescence. A camera
port selector determines which camera is used.

The trapped fluorescence-green silica beads (Kisker Biotech GmbH) are 1.5um in di-

ameter. The fluorescence excitation source is a blue LED (Luxeon Rebel), which in-

tensity is varied throughout, and is filtered at 485/10nm and coupled using a dichroic

filter through the high NA objective. The trapped bead’s fluorescent peak is at 515nm

and the camera (either EMCCD or sCMOS) image is filtered at 510/10nm so that

only the fluorescence is detected. To enable an easy comparison between our results,

we measured the fluorescence intensities using the EMCCD in the photon counting



Chapter 3. Comparing EMCCD and sCMOS cameras for low-light high-speed
position tracking of optically trapped fluorescing particles 44

7 I;
f#f

;o

FIGURE 3.2: Photo of experimental setup.

mode, which reads out results in photons/frame. Alternatively, we could have cal-
culated the power input of the excitation source, but we believe that photons/frame
at the end of the process would be a more reliable result, as we would not have to
consider loss of power within the system. As the bead in our video crosses a cir-
cumference of 10 pixels, we could state the bead covers the pixels the area of the
bead image covers (approximately 75 pixels. We could then approximately calculate

photons per pixel.

3.2.2 Data Acquisition and Analysis

To allow our two scientific cameras to run as quickly as possible, we pre-recorded
videos of the trapped bead using both cameras, and post analysed to acquire the
data we required. This is unlike more generic brightfield tracking, that allows the
user to track a trapped particle live. The choice to pre-record the data was made, so

that we could run both cameras at faster frame rates, which is desired for particle
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tracking. We also changed the region of interest (ROI) and binning on each camera, so
that only the trapped bead was visible and that the camera ran at its optimum speed.
We found that the quickest camera speeds that both cameras would work at, due to
light level restrictions producing lower quality images that cannot be thresholded,
was around 250fps. This was at a reduced ROI of 32x32 pixels and a binning of 2x2
for the sSCMOS and 64x64 pixels and a binning of 4x4 for EMCCD. Therefore, for the
case of both sets of camera videos, the bead’s circumference covered approximately

10 pixels.

Once our videos (10000 frames long) were recorded at 250fps, each video was analysed
in a Labview program, that applied a threshold to each ROI to reject background
noise without any bias. This allowed only the bead to be viewed. A centroid tracking
algorithm was then used on the video to follow the centre of the bead throughout
the 10000 frames. This program calculates the bead’s x, y position, and hence MSD
data, as well as the corresponding time data. An example of the displacement data

is seen in Figure 3.3.

At this point, a Labview program was also used for the EMCCD photon count videos.
This calculated the total number of pixels from all the frames, and then divided this
total by the total number of frames, to calculate an average number of frames per
second. We checked for any significant decrease in photons per frame throughout each
video incase of photobleaching, however this did not seem apparent. The average
photons/frame used in the experiment were therefore: 5650, 4690, 3215, 2870 and
2080 photons/frame. These numbers were chosen by changing the voltage input of

the blue excitation LED.

The MSD data was then split into smaller 4 second intervals of data (1000 data
points), to limit the effect of any possible longterm drift due to thermal expansion

of the laser and microscope. It was then fed into another Labview program that
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FIGURE 3.3: An example of the x and y displacement data for a 4s interval of data

at the highest fluorescence intensity (5650 photons/frame) for the EMCCD camera

(blue) and the sCMOS camera (red). The approximation of noise, and hence the

error on each x, y position measurement is 10.5nm. This is approximately a factor

of 10 larger than the error of from the more general brightfield tracking, which

usually has errors of around Inm. This is due to the limited number of photons in
each image.
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calculates the autocorrelation of the particle position for each interval. The 4 second

interval autocorrelations are then averaged over each dataset.

3.3 Results

We examine the auto-correlations of the particle position to quantitatively compare
the performance of the two camera types. We know that the important parts of the
autocorrelation that we are interested in are the y-axis intercept, that provides the
standard deviation of the bead motion, and the gradient, that provides information
about v and k. Given that the trap strength, the bead diameter and the viscosity
are the same in all our datasets, we would anticipate that the trap dynamics should
also be the same, irrespective of the fluorescence intensity to record the data. There-
fore the autocorrelations, and thus the y-intercepts and gradients, at all fluorescence
intensities should be identical. If any change in the autocorrelation therefore came

about, it would be due to the choice of camera.

Figure 3.4 has only four data points on each autocorrelation graph. The slope of the
autocorrelation is set by the time constant of the trap and the number of data points
depends on the time taken between frames. Therefore, higher frame rates would give
more data points on our autocorrelation, and would thus result in a more reliable
fit. In our case, we have a considerably lower tracking frame rate of 250fps, 8 times
less than the more general brightfield tracking frame rates of around 2000 fps, and
therefore we have only an eighth of the data points we would usually have. Any
data points added at later times would have the issue of noise to consider. The noise
would cause a skew in the gradient in the autocorrelation, which would be detrimental

when calculating the trap stiffness. An example of the noise from an autocorrelation
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FIGURE 3.4: Autocorrelation against time graphs for the sCMOS and the EMCCD
camera for different fluorescent levels. The x-axis is time (measured in seconds).
At higher fluorescent levels, the cameras give similar results for the autocorrelation
gradients and y-intercepts. At lower fluorescent levels the cameras are in overall
agreement for what concerns the y-intercepts but not for the gradients. The error
bars are one standard deviation over 10 samples of 4 second durations (equating
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FIGURE 3.5: Graphs to show how the average autocorrelation gradients (left)
and y-intercepts (right) change with respects to different fluorescent intensities, as
well as their standard deviations. What we would hope to see is both a constant
y-intercept and gradient, as the trap power and stiffness is constant throughout
the experiment. What we find is that at higher fluorescence intensities (more
than 3000 photons/frame), the two cameras yield autocorrelations that are in close
agreement with each other, both in terms of their y-axis intercepts and gradients.
This changes at lower intensities where it is evidence to suggest that the sCMOS
camera slightly underperforms the EMCCD especially in terms of the gradient of
the autocorrelation, until at the lowest intensity it proved impossible using the
sCMOS camera to record images of sufficient quality in which to run standard
centroid tracking algorithms, therefore no autocorrelation could be calculated. At
low intensities the EMCCD camera images were of a sufficient quality to measure
the standard deviation of the bead motion, but the gradient of the autocorrelation
was subject to significant uncertainty.

function can be seen in figure 3.8. Therefore, we had to carefully consider how many

data points to include in the fit.

The averaged autocorrelations from the two cameras are compared in Figs. 3.4, for
five different fluorescence intensities ranging from approximately 2000-6000 detected
photons/frame. In figure 3.5, we chart the change in the gradient and y-intercept with
respects to the fluorescence intensity. We find that at higher fluorescence intensities
(>3000 photons/frame) the two cameras are in close agreement autocorrelation wise,
both in terms of their y-axis intercepts and gradients. At the very lowest fluorescence
intensity (~2000 photons/frame) there is so little fluorescence that the sSCMOS cam-

era was unable to produce images of sufficient quality for standard centroid tracking
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algorithms to work properly, and therefore no autocorrelation could be calculated.
Factors affecting the quality of the images include the low amount of fluorophore

coating on the silica beads and the camera shot noise.

When using the EMCCD camera at lower fluorescence intensities (just over that
2000photons/frame), the images were of a sufficient quality to detect the bead and
measure a standard deviation of the bead motion (as seen in figure 3.4). One could
therefore conclude that the EMCCD slightly outperforms the sCMOS. However, at
the lower fluorescence intensities, there was a significant uncertainty to the autocor-
relation gradient, which therefore would give skewed results for trap stiffness. If we
are to take that in mind, both cameras perform the role of tracking a flourescence

bead equally.

We should also consider the cost of the cameras. The EMCCD camera can be up to
4 times more expensive than the sCMOS, and so not all research facilities can afford
one. Also, most fluorescence experiments already use sCMOS cameras. Therefore,
it would be fair to conclude that for future fluorescence tracking experiments, where
we need to measure the MSD, there would be no need to spend extra money on a
new EMCCD camera, as it would not offer any new or extra information about the

experiment.

As an example we plotted the power spectra data for both cameras with the same
particle tracking data as used to plot the autocorrelation with a fluorescence level of
approximately 4690 photons/frame, as seen in figure 3.7. Here we can see that, due
to noise, the corner frequency can not be easily determined. In this case the resulting
measurement of the optical trap stiffness is less reliable than that determined from

the autocorrelation data.
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FIGURE 3.6: Single frames and summed successive co-registered frames images
(left and right respectively) at a fluorescence level of ~5650 photons/frame. Images
at the corner of the summed image represent the intensity at the cross-section of the
summed image (the dotted line). The summed images appear circularly symmetric,
with a slight reduction in intensity at the centre (as seen in the intensity cross-
sections) due to the bead being surface labelled. The central reduction in intensity
should therefore not affect the numerical calculation of the centroid position.

3.4 Discussion

In this work we have compared the performance of EMCCD and sCMOS cameras
for tracking fluorescent beads within an optical tweezer. We found that our sCMOS
camera has a comparable performance to our EMCCD camera at light levels more
than 3000 photons/frame. At these light levels both camera types give images of
sufficient quality from which the autocorrelation of the position of the trapped bead
can be calculated. However, at extremely low fluorescent intensities both camera
types have limitations. These limits are close to those expected in the nature of the
noise arising from the finite number of photons. The detection of individual photons
would be expected to be distributed over the diameter of the bead (2r) hence the
accuracy to which the bead centroid can be measured is given by approximately

r/ VN , where N is the number of detected photons in the frame. In the case of
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FIGURE 3.7: The power spectra produced by the tracking data for the EMCCD
camera (above) and the sSCMOS camera (below) at a fluorescence level of approxi-
mately 4690 photons/frame. Note that the the spectra are very noisy, and although
not impossible, much more difficult to read a corner frequency than a gradient on
an autocorrelation.
Figure 3.8, where r is equal to 0.75um, and (if we assume all photons come from the
bead itself) N is equal to 4690 photons, the approximation of noise is 10.5nm. This

is in agreement with the noise level in said figure, Figure 3.8, as the noise is averaged

around a correlation level of 1.1*107*m, which is approximately the square of 11nm.

It is not necessarily true or fair to state that the distribution of the detected pho-
tons is unbiased due to bead location and orientation, just by looking at the bead
image itself. For example there could be a non uniform fluorescence caused by a non
uniform fluorophore coating. Such biases in our detection could in principle lead to
a systematic error in centroid estimation. To rule out this possibility we summed

successive single frame images of the trapped bead, and examined the fully summed
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FIGURE 3.8: Autocorrelation function obtained from 4s interval of data (1000
frames) using the EMCCD camera at an intensity of 4690 photons/frame. The
number of data points depends on the time taken between camera frames. The
gradient of the autocorrelation is determined by fitting to the first 4 data points.
If more (noise) data points were used for the fit, the gradient would be skewed.
image to see if we could detect spatial structure (as seen in Figure 3.6). We found the
summed image smooth with no internal structure and to be circularly symmetric, al-

beit with a slight reduction in intensity at the centre. However, this central reduction

in intensity does not affect the numerical calculation of the centroid position.

This central reduction in intensity could be due to the centre of the bead being the
closest part of the bead to the camera and therefore being slightly out of focus. When
we use centroid tracking, we desire a sharp clear symmetrical image to track, hence
the image desires a sharp circumference. When looking at the 2D image of the bead,
the centre of the bead would have been closer to the camera, so that the middle of
the bead would be in focus, giving a sharp symmetrical image to track. This would
mean that the centre of the bead was closer to the camera than the bead image
circumference was (that distance being the radius of the bead), hence making the

bead centre slightly out of focus, and the camera unable to detect all the fluorescence.

We have also showed that the best way to measure trap stiffness in this process is
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to use the autocorrelation. In figure 3.7, we can see just how much the noise of the
system can effect the results, as well as longer frame rates. There is a great deal of
noise in fluorescence systems, due to the limited number of photons, which affects our
results when using the power spectrum technique to find the optical trap stiffness k.
As mentioned in section 3.1, it is the corner frequency of the spectrum that provides
optical trap stiffness information. If we are not able to reliably fit the Lorentzian,
and the corner frequency of the spectrum is difficult to determine, it is more difficult
to calculate x, and the result is more likely to be skewed. Our autocorrelation results
are less affected by this noise, and thus for future reference, autocorrelation can be a
viable method to use when position tracking particles in low light applications such

as fluorescence.

3.4.1 Validation by comparing fluorescence tracking to bright-

field

Finally, we wanted to see if tracking in fluorescence gave a fair comparison to tracking
in the more generic brightfield mode, and see whether the two modes would give
similar results and answers when using the same bead sample specifications. To do
this we directly compared the autocorrelation measure from centroid tracking data
from the fluorescence sCMOS image at a high photon level(>5000 photons/frame)
to bright field CMOS camera (Dalsa Genie gigabit ethernet) images. This is the
camera setup we usually use on our Optical Tweezer brightfield experiment. As
before with the scientific camera comparison, both measurements were taken with
data with the cameras running at 250 frames per second, but at a slightly higher trap
power (causing a shift in the y-intercept of the autocorrelation as seen in figure 3.9)

due to the experimental conditions being slightly altered.
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We were able to confirm that the fluorescence mode gives similar results to the more
general brightfield mode approach (again, as seen in Figure 3.9). This therefore shows
that the centroid tracking procedure of our bead’s fluorescence, rather than the bead
itself, is a valid approach for monitoring the motion dynamics of optically trapped
beads. As there is no difference in the results between brightfield and fluorescence for
symmetrical objects and there appears to be no restrictions to a fluorescence mode
other than frame rate (that is considerably improved using scientific cameras), it is
a simple assumption to make that for non-symmetrical objects, such as cells and
bacteria, a fluorescence mode using a scientific camera would be more desirable than

using the more general approach of a CMOS camera in brightfield.

3.5 Conclusion

We conclude not only that centroid tracking of our bead’s fluorescence is a valid
approach to monitoring the motion dynamics of optically trapped beads, but that
in imaging with limiting light levels, the latest scientific cameras can be used to
increase the frame rate of the tracking data, and therefore increase the quality of
results in trapping experiments and research. We found that our sCMOS camera
has a comparable performance to our EMCCD camera at light levels less than 3000
photons/frame. If the circumference of the bead is 10 pixels, we can calculate that

this light level corresponds to approximately 40 photons/pixel.

However there are limits under this level for both cameras. Scientific cameras are
able to work at a frame rate approximately 10 times greater than that of a traditional
CMOS or CCD at lower light levels, when the camera’s field of view is decreased.
Therefore at lower light levels, it would be better to use a scientific camera rather than

a generic CMOS or CCD, and at extremely low light levels (between 2000 and 3000
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F1GURE 3.9: Autocorrelation against time graphs for the sCMOS with fluores-
cence (at a photon level of >5000 photons/frame) and brightfield centroid tracking
data. Again, a 40s dataset was divided into 4s intervals, the autocorrelations being
calculated for each interval and then averaged over each dataset. The camera gave
similar results for the fluorescence and brightfield tracking.
photons/frame corresponding to approximately between 27 and 40 photons/pixel)
it is better to use an EMCCD. At light levels lower than this, neither camera is
detecting enough photons to produce images of the bead that allows reliable centroid
tracking to occur. This level appears to agree with the Signal to Noise Ratio (SNR)
for EMCCD and sCMOS comparison graphs that Andor provide, where they believe
the performance of the EMCCD and sCMOS crossover at 55 photons/ pixel, with

2x2 binning [59].

One negative to using fluorescence tracking is the problem of photobleaching the
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sample during the measurement, where the fluorescence dye on the sample is perma-
nently unable to fluoresce. This is due to a photochemical change in the structure
of the fluorophore which depends on the quantity of light hitting it. The process is
irreversible. The lifetime for the Green Fluorescent Protein used in the experiment
can be up to 10° photons, which meant we had limited time to use each sample,

especially at higher fluorescence intensities.

We noticed that our samples only allowed us to trap 1 bead, and take a full set of mea-
surements (such as in fig. 3.4), before photobleaching became a problem and the beads
became noticebly dimmer. It was therefore decided that each time we performed the
experiment with a new sample each time. To future account for photobleaching in
the example, it would be best to use a fluorescence intensity ~3500 photons/frame,

a lower intensity where both cameras agree. This is ~45 photons/pixel.

We also conclude that in low light applications, or those involving biological or non
Newtonian fluids, the optimum way to measure the optical trap stiffness is to use the

autocorrelation function rather than finding the power spectrum.



Chapter 4

‘Lissajous-like’ trajectories in
optical tweezers due to the
competition between optical elastic
forces and hydrodynamic

interactions

This chapter is based on the work discussed in the Hay et al. Optics Express paper
“Lissajous-like’ trajectories in optical tweezers” [5]. This was a collaboration with
David Phillips, where I was in charge of the experimental part of the work. This
included setting up a new static optical trap on an already established Holographic
Optical Tweezer system, writing new SLM code to sinusoidally move the holographic
optical trap, running the experiments, collecting data and analysing it using Labview
and Matlab. David Phillips went on to simulate the conditions to see if it was in

agreement with the experimental results.

58
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The experiments described in the previous two chapters did not necessarily require a
Holographic Optical Tweezer (HOT) setup to gain the results we got. However it was
desirable, as HOT brings ease of use and more accurate control of the position of the
optical trap (if needed) using computer control. However, in this chapter, HOT was
essential for the experiment to work. Not only does SLM hologram allow multiple
traps and ease to change the trap position [60], it also allows the user to program
the SLM so that it can move a microscopic bead can be moved smoothly along a

predefined trajectory.

There is much interest in producing less invasive trapping, especially within biological
experiments. One area researchers are looking into is how some water-living microor-
ganisms living in low Reynolds number environments, move in water. What they find
is that they are able to break time-reversal symmetry of a hydrodynamic flow path.
With this knowledge, it may be possible to mimic some of these processes so that
we can produce some sort of ‘hydrodynamic’ trapping. This would mean producing

time-varying hydrodynamic flows in close proximity to the particle being trapped.

In this chapter, we design a simple set-up to demonstrate how some of the time-
reversal and non-time-reversal time varying hydrodynamic flows would affect a ‘probe’
bead in close proximity to the flow. We question whether hydrodynamic trapping
could be a viable option when it comes to future biological trapping experiments. We
used an SLM to move a bead sinusoidally along different trajectories, which would
produce a hydrodynamic flow, whilst tracking and measuring the position of another
trapped bead in close proximity which this low would be acting on. This chapter uses
a bead as a model system, that allows us to learn useful knowledge which has useful
applications in Micro-biology . The chapter has applications in flow sensing [61-63],
and is also related to the techniques of active micro-rheology [64-66], highlighting a

mechanism by which stationary ‘passive’ optical traps can perturb the environment
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that they are in place to measure, where future work could be done in.
Here we reference the abstract of Hay et al. paper:

When a microscopic particle moves through a low Reynolds number fluid, it creates
a flow-field which exerts hydrodynamic forces on surrounding particles. In this work
we study the ‘Lissajous-like’ trajectories of an optically trapped ‘probe’ microsphere
as it is subjected to time varying oscillatory hydrodynamic flow-fields created by a

nearby moving particle (the ‘actuator’).

We show a breaking of time-reversal symmetry in the motion of the probe when
the driving motion of the actuator is itself time-reversal symmetric. This symmetry
breaking results in a fluid pumping effect, which arises due to the action of both a
time-dependent hydrodynamic flow and a position-dependent optical restoring force,
which together determine the trajectory of the probe particle. We study this situa-
tion experimentally, and show that the form of the trajectories observed is in good
agreement with Stokesian dynamics simulations. The simulation method we chose
has been used in previous work, and has correctly accounted for hydrodynamic in-
teractions in a variety of many particle systems, and is widely used in the literature.
Our results are related to the techniques of active micro-rheology and flow measure-
ment, and also highlight how the mere presence of an optical trap can perturb the

environment it is in place to measure.

4.1 Introduction

In this chapter we initially wanted to see how very simple hydrodynamic interactions
can affect optically trapped beads in a low Reynolds number environment. We wanted
to see if a force produced by the hydrodynamic interaction would be strong enough to

‘trap’ another bead in close proximity. The research resulted in us looking to see how
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the competition between the Hookean elastic optical force produced by an optical
trap and the time-varying hydrodynamic interactions around it can affect a trapped
bead’s position with respects to the trap centre over time, in a Low-Reynold’s number

environment, such as those in our samples.

Reynolds number is dimensionless quantity, as defined as the ratio between the iner-

tial forces and viscous forces acting on an object:

Re = — (4.1)

where Re is Reynolds number, p is fluid density, v is velocity of the fluid with respect
to the object, L is linear size of the object, and p is the dynamic viscosity of the fluid.
We as humans live in a high Reynolds number environment, as the inertial forces
dominate over viscous drag forces. However, not every living organism lives under
high Reynolds number conditions. Most bacteria living in water live in low Reynolds
number environments, as water is very viscous to microscopic objects and the viscous
forces dominate over the bacterium’s inertial forces [67]. For humans, living in an
environment like this would be similar to our atmosphere being of the consistency
of maple syrup, making movement slow and causing objects to come to rest almost
instantaneously after a force is applied. Low Reynolds number environments would

normally cause counter-intuitive effects for them [68].

Some water living bacteria have evolved so that they do not need to rely on inertial
forces to be able to move (unlike movement on the macroscopic scale). They use
swimming techniques such as corkscrewing motions or the beating of cilia [69, 70].

However, these techniques are not fully understood physically, as some must involve



Chapter 4. ‘Lissajous-like’ trajectories in optical tweezers due to the competition
between optical elastic forces and hydrodynamic interactions 62

periodic deformations that break time-reversal symmetry, to which to say the hydro-
dynamic flow produced by the deformation would not be identical to the flow if time

was reversed.

This chapter shows the time varying trajectories of a constrained trapped microsphere
that is hydrodynamically interacting with another. This is a very simple model of how
some micro-swimmers may act under time-varying viscous hydrodynamic forces. We
exert a time-varying hydrodynamic force on a static optically trapped ‘probe’ bead
by driving a Holographic Optically Trapped (HOT) ‘actuator’ bead in a sinusoidal
fashion in close proximity, thus producing a fluid flow. We assume that the trap
stiffness is constant and equal in x and y throughout trajectory. For the static trap,
k in x is equal to k in y. We explore the resulting trajectories that are executed by
the probe under a range of time varying configurations of the actuator path. Even in
this fairly simplistic system we produce unexpectedly rich and potentially counter-
intuitive behaviour, like bacteria living in low Reynolds number environments in the
real world, which can help facilitate the development of artificial micro-swimmers

and fluid pumps, and inform the growing field of microrobotics [71-74].

In particular we contrast two different experimental configurations, as seen in figure
4.1: firstly when the actuator is driven around a non time-reversal symmetric trajec-
tory (circular motion), and secondly, when the actuator’s trajectory is time-reversal
symmetric (periodic horizontal motion). We show that when the probe is trapped by
the stationary optical trap, the probe travels along a closed loop ‘Lissajous’ like tra-
jectory. Lissajous curves are a family of curves that are described using parametric

equations. They are always closed paths (as our trajectories are).

We also show that certain actuator trajectories could cause the breaking of time
reversal symmetry of the probe’s trajectory. Our work has applications to flow sens-

ing, such as optical velocimetry in microfluidic systems and direct optical monitoring
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FIGURE 4.1: Examples of the two main ‘actuator’ bead paths with respect to
their corresponding ‘probes’. The left shows the circular non time-reversal (the
path going forward in time is not identical to the path that would go back in time)
symmetric actuator path. The right shows the horizontal time-reversal (the paths
going forward in time and backwards in time are identical) symmetric actuator
path.
of flow generated by flagellar [61-63]. It is also related to the techniques of ac-

tive micro-rheology[64-66], and highlights a mechanism by which stationary ‘passive’

optical traps can perturb the environment that they are in place to measure.

4.1.1 The Langevin Equation

For sample particles suspended inNewtonian fluids, assuming particles are spherical
and ignoring the rotation of particles about their own axis (whcih can occur in an
optical trap), the evolution of each degree of freedom of each particle in the system

is governed by equation 4.2, also known as the Langevin equation [68, 75].
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where i and j index the degrees of freedom of all particles (i.e. three translational
degrees of freedom for each of N particles), m is the particle mass, x denotes the
coordinate of a particular degree of freedom, and t is time. £ is the friction tensor used
to describe the friction of the whole system of particles, & is the stiffness of each optical
trap, 0x is the displacement of the particle from the centre of its associated optical
trap, f is a stochastic force due to Brownian motion, and « is a tensor describing
the coupling of Brownian fluctuations on nearby particles (which can be calculated
from &). The left hand side corresponds to the inertial forces, and the right hand side

corresponds to the viscous forces.

The left hand side (LHS) Equation 4.2 is equal to the mass of the particle multi-
plied by its acceleration, which describes the resultant force on the particle. At low
Reynolds number limit, this inertia is negligible compared to viscous forces (Equation
4.1). As the LHS corresponds to the inertial forces, it can be set to zero. The first
term on the right hand side (RHS) describes external forces, such as hydrodynamic
drag forces, on each particle, encapsulating both the damping of a particle’s motion
due to the surrounding fluid and the interactions with neighbouring particles through
disturbances in the fluid. In the case of our system, this is the external time-varying
hydrodynamic force produced by the water flow. The second term describes the op-
tical restoring forces of the trap on each particle (assuming displacements are small
so that optical force is linear with displacement and each particle only feels the effect
of the nearest optical trap). In our case this is a static trap’s optical Hookean restor-
ing force. The third term describes the Brownian motion of each particle, i.e. the
stochastic Brownian kicks acting on the probe. As the LHS is always approximately

zero, the resultant force on the RHS must also be zero.
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FIGURE 4.2: Schematic showing how a trajectory of a microsphere is calculated

at each simulation time-step from the balance of external forces, Fi, (such as
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This equation will be used later to numerically simulate our experiment. This can be
done by using the Rotne-Prager tensor to calculate the friction tensor £ [76]. We can
use the Rotne-Prager tensor due to two main conditions in our experimental set up;
a) our beads are spherical, b) the distance between two beads is much larger than
the diameter of the bead itself. Another advantage to using the Rotne-Prager is that
the tensor allows the first term to be expressed as functions of just the bead positions

and velocities, and does not have to explicitly deal with fluid motion, making our

simulation simpler to compute [77].

As the actuator is constantly moving, the evolution of the actuator path (and hence
fluid flow) is broken into discrete steps. The steps are separated by a time that is
much shorter than the relaxation time of the of the traps in the system (the time
it takes for the trapped beads to relax back to the trap centre), but much longer
than the relaxation time of the Brownian motion (the duration of the movement
of the bead due to a Brownian kick), as we assume uncorrelated Brownian motion.
With each iteration of the simulation, the forces on each particle are calculated, and

therefore new positions of the particles a short time later are determined. As the
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friction tensor £ depends on the configuration of the particles, this is recalculated at

each step for every new configuration. This is illustrated in figure 4.2.

This equation is very important as we are now able to simulate the system that will
capture the hydrodynamic interactions of our micro-beads in water, along with the
prescribed optical forces and Brownian motion. The simulation method used has
been widely used in the literature, and has correctly accounted for hydrodynamic
interactions in a variety of many particle systems [78-80]. It will also help us to
understand the competition between the optical Hookean restoring forces and the
time-varying hydrodynamic interactions. This will help to validate our experimental

results.

4.2 Experimental Method

We trap two 5um silica beads using the experimental setup shown in figure 4.3. Each
trapped bead has a Hookean restoring force acting on it, equal to -kx, where x is the
trap’s stiffness and x is the displacement of the bead away from the trap’s equilibrium
position. We trap one of the beads (the ‘probe’) in a static trap, where &, is equal to
Ky, and trap a second bead (the ‘actuator’) in a holographic trap [81]. The stiffness
of the actuator trap was approximately one order of magnitude larger than that of
the probe trap. This is allowed for our setup as the stiffness of the actuator trap is
not an important parameter in determining the behaviour of the system, as it was
only the probe’s motion we were monitoring closely. As long as the actuator bead
is trapped stiffly enough, the actuator will not escape the trap, and its motion will
produce the time varying hydrodynamic force we desire. We assume that x, and &,

do not vary during the actuator trajectory, as the single holographic trap is not near



Chapter 4. ‘Lissajous-like’ trajectories in optical tweezers due to the competition
between optical elastic forces and hydrodynamic interactions

67

Probe @ = Single optical trap (probe)

mmm Holographic trap (actuator)

P @ llumination lllumination

y
I_'x Actuator

Sample
SLM . Trap steering
Fourier . MR Fourier § Objective mirror
plane ) DPSS,
Fourier * Beam 532nm
plane expander
L2
Tube lens
Polarizin
beamsplitter
=~ L3 IR Block
1 /
1
5 ) \(] I I CMOS
Beam i .
expander Image 4fre-imaging 539nm
plane Dichroic  “ifer
ilter

FIGURE 4.3: Schematic of the dual beam holographic optical tweezers system.
Our optical tweezers system is built around a custom-made inverted microscope
with a Zeiss halogen illumination module (100 Watt). The holographic actuator
trap is created by expanding a diode pumped solid state (DPSS) infra-red 1064 nm
wavelength laser beam to overfill a nematic liquid crystal spatial light modulator
(SLM) (BNS XY series, 512x 512 pixels, 200Hz frame-rate). The SLM is placed in
the Fourier plane of the sample and telescopically re-imaged onto and overfilling
the back aperture of the objective lens (Nikon 100 x oil immersion, 1.3 NA) using
a Fourier lens (L1) of 250 mm focal length and a tube lens of focal length 100 mm.
The single beam trap is provided by a green DPSS 532 nm wavelength laser. Its
position can be manually controlled using a kinematic mirror mount, and the beam
also overfills the back aperture of the objective lens. The sample is viewed using a
high-speed CMOS camera (Dalsa Genie gigabit ethernet), and any reflected infra-
red and green laser light is filtered out. The top left inset shows a schematic of the
relative optical trap positions and trajectories within the sample.
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the zero order, and limited light is reaching all other orders to reduce the risk of the

actuator feeling any other optical forces.

We program the Spatial Light Modulator (SLM), controlling our HOT, to change the
position of the trap using the ‘gratings and lenses’ algorithm [29] so that the trap is
moving periodically at 2 cycles per second and with an amplitude of 6um. At one
point we used a piezo mirror, and also considered using an Acousto-Optic Deflector
(AOD) instead of an SLM, both of which we could vary the amplitude and frequency
of [6, 23]. The piezo mirror only provided a limited range of actuator movement and
two orthogonal AODs are required for control in x and y. The SLM provided the
easiest method of smoothly controlling the bead over a path that was repeatable each

time.

The periodic movement of the holographic trap moves the actuator approximately
sinusoidally, causing the surrounding water to move, thus generating an external time-
varying hydrodynamic force. This force is exerted on the probe. A hydrodynamic
friction force is also produced during this procedure, which acts in the opposite
direction to the external time-varying hydrodynamic force. Due to the constant
changing balance between the external hydrodynamic, friction and trap’s optical
restoring force, the probe is constantly being displaced by different force vectors.
When the probe is constantly being displaced, the probe trap’s relaxation time (7)
is large compared to the time the particle experiences the force. The probe does
not have enough time to relax back to the trap centre before being displaced again
by a different force vector. This leads to the probe constantly moving in a closed

trajectory with a varying velocity.

We track the position of the centre of the probe bead over a period of time using high-
speed video tracking with a centre of symmetry tracking algorithm, thus allowing us

to plot this probe trajectory [46]. During the tracking time, the probe travels the same
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closed loop trajectory multiple times (>200). We average over all the trajectories the
probe travels (as to average away the Brownian motion) using data processing, which
results in an averaged, smooth experimental probe trajectory. The data processing
included adding all of the trajectories together, and viewing all the positions the probe
had been during the multiple trajectories. At this point we were able to calculate
an average path. These average paths, with an example single path, are shown in

figures 4.7 and 4.8.

Using a Matlab program with this probe position data, we are able to calculate the
probe’s changing magnitude and direction of the drift velocity and speed throughout
its movement, and also calculate the occupancy of where the probe has been within

the closed loop trajectory.

We start with periodic horizontal movement (a time-reversibly symmetric path) of
the actuator with respects to the probe. The path then increases in the y direction
until the actuator is moving with circular motion counterclockwise (a non time-
reversibly symmetric path). Fach actuator path has an amplitude of 7.5um in x,
and an amplitude in y ranging from 0 to 7.5pum. The smallest distance between the
actuator bead and probe bead within this set up is ~7um apart. We concentrate on

the probe paths that correspond to the horizontal the circular actuator paths.

4.3 Results

4.3.1 Experimental

Figures 4.4 and 4.5 show the experimentally measured response of the optically
trapped probe microsphere as it is subjected to the two types of time-varying exter-

nal hydrodynamic forces produced by the actuator (along with the stochastic forces
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FIGURE 4.4: Experimentally measured probe microsphere trajectories when sub-
jected to a time-reversible flow-field. (a) The trajectory of the probe over a single
time-reversal symmetric actuator cycle. (b) and (e) 2D occupancy histograms
showing the number of visits the probe made to each 10nm wide bin over the
course of 100 actuator cycles. The white scale bars represent 100nm. (b) is the
first half of the cycle, (e) is the second half of the cycle. (c) and (f) The average
drift velocity of the probe as it passes through each 10nm x 10 nm histogram bin.
(d) and (g) The magnitude and direction of the drift velocity of the probe bead.
of Brownian motion). Figures 4.4(b) and 4.4(c) and figure 4.5(b) are occupancy his-
tograms displaying the number of times the probe appeared in each bin of a 2D grid
of 10nmx 10nm bins over 100 actuator cycles . For the horizontal actuator motion,
the data is displayed in two plots to separate the probe’s motion in the first and sec-
ond half of each cycle, as it revisits the central region twice per cycle. The histogram
occupancy maps are approximately inversely proportional to the probe’s speed. We
also calculate the average drift velocity of the probe as it passes through each his-

togram bin, which is shown in Figs. 4.5(c) and 4.5(d) and Figs. 4.4(c), 4.4(d), 4.4(f)

and 4.4(g). We find the position of the bead at each time point. From here, we are
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FIGURE 4.5: Experimentally measured probe microsphere trajectories when sub-

jected to a non-time-reversible flow-field. (a) The trajectory of the probe over a

single non time-reversal symmetric actuator cycle. (b) A 2D occupancy histogram

showing the number of visits the probe made to each 10 nm wide bin over the course

of 100 actuator cycles. The white scale bar represents 100nm. (c) The average

drift velocity of the probe as it passes through each 10nm x 10 nm histogram bin.
(d) The magnitude and direction of the drift velocity of the probe bead.

able to calculate an average velocity.

When the actuator bead is moving horizontally with approximate sinusoidal motion,
the trapped probe bead appears to move sinusoidally in a figure of eight, with equal
sized lobes. This is shown in figure 4.7, when the actuator is moving in the x direction
at different z depths. At a height of 25um above the surface of the sample, the
trapped probe bead moves sinusoidally with amplitude of ~0.8um in the x axis, and

in y moves with an amplitude of ~0.2um.
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When the actuator bead is moving away from a peak towards the centre of the
sinusoidal movement, the hydrodynamic force acting on the probe is at its peak as
the actuator is travelling at its fastest velocity in the cycle, and the distance between
the actuator and probe is at it’s smallest, meaning the hydrodynamic force produced
by the moving actuator will affect the probe more. This moves the probe bead in the
x direction, and also a little in the y direction. As the actuator bead starts to travel
away from the trap centre towards an end of the trajectory path again, its velocity
decreases, leading to the hydrodynamic external force to also decrease. This balances
with the optical Hookean restoring force. At this point, the probe moves in y, but has
little movement the x direction. As the actuator then reaches the peak of it’s cycle,
the restoring force of the trap is much larger than the hydrodynamic external force,
and the probe bead moves back towards the centre of the trap. This is explained in

figure 4.11.f

As the actuator bead moves towards circular motion, one of the lobes of the probe’s
path becomes larger and dominates over the other, until the smaller disappears. The
path then becomes pear shape when the ratio of vertical to horizontal amplitude is
around 0.3. This pear shape then becomes ‘D’ shaped at a vertical to horizontal

amplitude ratio between 0.5 and 0.6. This is shown in figure 4.6b.

When the actuator bead is under circular motion, the trapped probe bead appears to
have a trajectory that looks ‘D’ shaped, as experimentally shown in figure 4.8, again
when the actuator is moving in x and y at different z depths. At 25um above the
surface of the sample, the probe moves a distance ~0.4um in the x axis, and ~0.9um
in the y axis. This is due to the time varying hydrodynamic force produced by the
moving actuator bead balancing with the time varying restoring force of the probe
beads optical trap. The resultant force is therefore also time varying. We map out

the forces and trajectories in figure 4.11.



Chapter 4. ‘Lissajous-like’ trajectories in optical tweezers due to the competition
between optical elastic forces and hydrodynamic interactions 73

06 4

0.4

0.5 0.7
0.2 02

0.6
s 0 X 0 X 05
04
02 -0.2

-0.5 0.3

y position (um)

-0.4
0.2
-0.4

-0.6 -1

-0.6 -0.4 -0.2 0 0.2 0.4 -0.6 -0.4 -0.2 0 0.2 04 0.6 -1 05 0 0.5 1
X position (um)

FIGURE 4.6: Experimental trajectories for (a) horizontal oscillatory actuator
motion, (b) oscillatory actuator motion with x y displacement ratio equal to 5,
and (c) circular motion respectively. ‘x’ on the experimental trajectory graphs
represents the probe trap position. When looking at (a) we see a ‘figure of eight’
probe trajectory, where the probe moves in both x and y, even though, the actuator
only moves in x. It moves a distance in x of around 1um, and in y of around 0.3pm.
When looking at (b), we see one of the lobes produced in (a) reduced in size. This
happens until the lobe disappears entirely, to form the ‘D’ shape, as seen in (c).
Again the horizontal distance of around 1pm in x, but now a 2um in y.
The distance from the bottom of the sample can affect the size of the trajectory in
figures 4.7 and 4.8. The the further away the trapped beads are from the surface of
the sample, the bigger the hydrodynamic force produced by the actuator is. The wall
of the sample is unable to dampen the force. We also show in figure 4.9 that for the

circular path, even if the angle between the actuator and the probe is changed, the

probe path still gives the same trajectory.

If we were to reverse the circular actuator trajectory corresponding to going back-
wards in time, hence go clockwise, there would be a break in time-reversal symmetry.
This breaking of symmetry would also be the case for the corresponding probe path,
where the ‘D’ shape would be flipped around, and so the two trajectory paths are

not the same forwards and backwards.

When looking at the horizontal motion, the actuator trajectory is the same both

forwards and backwards in time. However, this is not the case for the corresponding
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FIGURE 4.7: Averaged experimental trajectory of a trapped probe being driven
by an actuator travelling with circular motion are at the same height of 10 (top
left), 15 (top right), 20 (bottom left) and 25um (bottom right) from the surface.
Colour scale represents the velocity. Grey line represents a single trajectory be-
fore averaging. The average was taken over 200 trajectories. It appears that the
trajectory get larger when it is moved away from the surface. This is due to less
surface friction acting upon the bead.

probe trajectory, where the probe trajectories again would be a mirror image of each

other. Thus, time-reversal symmetry is broken.
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FIGURE 4.8: Averaged experimental trajectory of a trapped probe being driven
by an actuator travelling with circular motion are at the same height of 10 (top
left), 15 (top right), 20 (bottom left) and 25um (bottom right) from the surface.
Colour scale represents the velocity. Grey line represents a single trajectory before
averaging. The average was taken over 200 trajectories. Again, it appears that
when the probe moves away from the sample cell’s surface, the trajectory get
larger. Again,this is due to less surface friction acting upon the bead.

4.3.2 Simulated

Assuming that the probe trap was conservative [82], we were able to simulate (using
Equation 4.2) the two extremes of the system: static trapped probe path when the
actuator was moving in the periodic horizontal path and the static trapped probe
path when the actuator was moving with circular motion. We also simulated the

movement of the probe when there was no trap present. We used the same size beads
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FIGURE 4.9: Averaged probe trajectories where the actuator paths are at different
locations with repsect to the probe. (a) Illustration of the actuator position and
path with a circular system configuration with respects to the probe bead and trap
(b) the corresponding experimental probe trajectories, with information about the
speed the probe is travelling, using the colour velocity scale to the right of the
charts. Note that all probe trajectories are ‘D’ in shape, only with some tilting
occurring when the actuator trajectory is placed either to the left or the right of
the probe. We find that the bead travels quickest when travelling in the y-direction
and no movement in the x-direction.
and the same distances between traps as in the experiment. These results are shown
in figure 4.10, and show a similar ‘D’ shaped probe trajectory for a circular actuator

path and a similar ‘figure of eight’ probe trajectory for the horizontal actuator path.

From that, we have mapped out the relative positions of the actuator and probe
microspheres through one actuator cycle for (a) the horizontal actuator trajectory
and (b) the circular actuator trajectory. This is seen in figure 4.11. This shows the
relationship between the two beads’ movements, and helps us to understand why the

probe travels the way it does with respect to the actuators position and speed.
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FIGURE 4.10: Simulated trajectories of the probe with respects to actuator paths.

The left probe path corresponds to the time-reversal symmetric actuator trajectory

(horizontal sinusoidal motion) and the right probe path corresponds to the non

time-reversal actuator trajectory (circular motion). The zero point on the graphs

corresponds to the trap centre. Colour chart corresponds to the beads speed during

the trajectory, here the bead is travelling at its slowest when the path is blue, and
quickest when its path is red.

4.4 Discussion

Let’s first look at the circular actuator path that already breaks time reversal sym-
metry. The actuator is driven in two dimensions (x and y) at a rate of 2 rotations per
second and a horizontal and vertical amplitude of 6 um, causing a maximum speed
during it’s trajectory of 75.4 um/s. Our actuator path is not time-reversible (it is not
the same in both directions). The stationary optical trap constrains the motion of
the probe causing the probe’s trajectory to transform into a closed asymmetric orbit
around the position of the optical trap. The trajectory is defined by the changing
balance between hydrodynamic, optical, and frictional forces, as shown in equation

5.11

Now let us look at the horizontal periodic actuator path and it’s corresponding hy-
drodynamic force. The actuator is driven in only one dimension, sinusoidally running

in the x-axis at a rate of 2 rotations per second and a horizontal amplitude of 6 ym.
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FIGURE 4.11: [Illustrations showing the relative positions of the probe micro-

spheres with respects to the position and movement of the actuator in its path for

(a) the time-reversal symmetric actuator trajectory (horizontal sinusoidal motion)

and (b) non time-reversal symmetric actuator trajectory (circular sinusoidal mo-

tion). Once again, for clarity, the relative size of the probe trajectory has been

exaggerated compared to both the probe size, and the actuator trajectory.

Again, this causes a maximum speed of 75.4 ym/s in the x direction. This motion is
symmetrically time-reversible (the same path would be followed if the direction were
to be reversed), and if Brownian motion is ignored, the cycle-averaged hydrodynamic
force would be approximately zero. When the probe is constrained by a static trap,
we observe a ‘figure of 8’ trajectory as in the experimental results. We stress that the
measured ‘figure of 8 trajectory followed by the probe particle in this experiment is
a signature of the breaking of time-reversal symmetry in the system. This trajectory
can only occur if a small non time-reversible symmetric hydrodynamic flow is also
generated. Here the symmetry is broken due to some small perturbation caused by
the changing balance of the time varying hydrodynamic flow, the optical trap restor-

ing force and the fictional forces, hence the time varying resultant force, as shown in

Equation 4.2.

This would result in a weak pumping action of the system. As with the previous
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trajectory, this trajectory is also defined by the changing balance between hydrody-

namic, optical, and frictional forces, as shown in equation 5.11.

All of the probe trajectories from the corresponding actuator flows, differ from each
other due to the difference in the time varying hydrodynamic force produced by the
changing actuator bead path. Due to the changing balance between the external,
friction and trap’s optical restoring force, the probe is constantly being displaced by
different force vectors. Because the relaxation time (7) of the static trap is large
compared to the time the particle experiences the force, the particle does not have
enough time to relax back to the trap centre before being displaced again by a different
force vector, causing the probe to constantly move. As the actuator movement is
sinusoidal, the time varying hydrodynamic force will be repetitive, thus the resultant
force exerted on the bead is also repetitive, causing the probe to travel along closed

loop ‘Lissajous’ like trajectories.

The time varying resultant force exerted on the probe is visco-elastic, by which the
resultant force is a combination of viscous forces from the hydrodynamic flow and

optical elastic forces, from the optical trap restoring force.

Figures 4.7 and 4.8 show that when the probe and actuator move away from the
sample cell’s surface, the trajectory get larger. This is due to a decrease in the

surface friction acting on the bead. These figures were taken from 50u deep samples.

However, we should remember that at higher distances above the surface, we are
creating a more complex hologram for our trap. Moving the trap deeper into the
sample would create spherical aberrations, which could significantly decrease the
trap strength, as not all the trapping power is being focussed to the same spot. One
should also remember to take Faxen’s law into account. Faxen’s law relates the bead’s
velocity to the flow it experiences at low Reynolds number environments, and can

predict roughly how close to the surface the particle needs to be to feel the boundary
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impact on the hydrodynamic forces it is experiencing. These two problems would
only come into account if the sample was deeper and the beads were further away

from the surface.

4.4.1 Energy Transfer between the Probe and Actuator

One should also consider the importance of energy transfer within a symmetrically
broken time-reversible system, and whether we would be able to measure the transfer

of energy between the actuator and probe.

The flow-field created by the breaking of time-reversal symmetry is due to the storage
of energy in the probe bead (by pulling it away from its equilibrium position) which
is then dissipated into the surrounding fluid later in the cycle. As work done is equal
to the force multiplied by the distance travelled, but the force is time-varying, we
can measure this energy transfer by calculating the line integral of the hydrodynamic
vector field. This is calculated using Equation 4.3, and can then be simulated. The

simulated results are shown in figure 4.12.

dr
W= i Fyaro(r) - dr — 740 Fryarolr(1)) - S, (4.3)

where Fjy4,0(7(t)) is the time-dependent hydrodynamic vector flow-field (which varies
throughout the cycle), dr(t)/dt describes the velocity of the probe when at position

r(t) along its closed loop trajectory, and ¢ is time.

Equation 4.3 can be integrated numerically in our simulation, and the work done
on the optically trapped probe microsphere under non time-reversal symmetric, and

time-reversal symmetric driving configurations are shown in figure 4.12. The blue
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FIGURE 4.12: Simulation of the accumulated potential energy of the probe trap
in the absence of Brownian motion for the (a) actuator in circular motion (non
time-reversible symmetric) case and (b) actuator in periodic horizontal motion
(time-reversible symmetric) case. Each case shows the evolution of the energy
stored in the system when the probe is initially positioned at rest at the centre of
the trap. Work is done on the bead in the white stripes, and energy is released by
the bead in the blue stripes.
stripes show the points in the trajectory where energy is released, and the white

stripes show the points in the trajectory where work is done on the bead.

In figure 4.12(a), the circular actuator trajectory, when the probe orbits the centre
of the trap, at no point in its cycle does it revisit the trap centre. Consequently, the
work done on the bead is never equal to zero, as the bead’s stored energy is never
fully released. This is different to the horizontal actuator trajectory, where the probe
travels through the centre of the trap, and revisits the trap centre twice during one

cycle. At the moment this occurs, the work done on the probe bead equals zero.

It would be interesting to see if this was indeed the case experimentally, as more
research on this energy transfer could lead to a better understanding of micro-

swimmers and water living micro-organisms. It could also aid the growing field of

micro-robotics.



Chapter 4. ‘Lissajous-like’ trajectories in optical tweezers due to the competition
between optical elastic forces and hydrodynamic interactions 82

4.5 Conclusions

We have investigated ‘Lissajous-like’ trajectories of optically trapped particles as
they experience time-varying oscillating hydrodynamic forces. In particular, we have
demonstrated the breaking of time-reversal symmetry in the motion of an optically
trapped particle when it is subjected to a time-reversible symmetric external force-
field. This has produced visco-elastic competition, where viscous forces (hydrody-

namic flow) competes with elastic forces (optical restoring force).

We have shown how even a very simple system of two microspheres, driven without
feedback, can display a wealth of complex behaviour, and have shown that the simple
addition of a static trap within HOT can produce visco-eleastic forces. These forces
are able to break time-reversal symmetry, even when the driving force is not time-
reversal symmetric. This time-reversal symmetry breaking is a consequence of the
action of both a time-dependent hydrodynamic flow and a position-dependent optical
restoring force from the probe trap as the probe moves. Throughout this probe

motion, the trapped probe never reaches a static equilibrium position.

Future work could also involve tracking microorganisms in this visco-elastic force
using a similar setup to that in the research chapter but also using the knowledge
gained from chapters 2 and 3. We see that time-varying hydrodynamic forces, like
those produced in the experiment, are fairly weak, and possibly too weak to ‘trap’
a particle, although it would be useful to investigate further to see if there was
an appropriate configuration of actuator beads to hydrodynamically trap a particle,
which could significantly aid rotating micro-tool research [83, 84]. This could be
useful for biological experiments, as hydrodynamic forces are unaggressive and less
harmful than optical forces (produced by lasers) on biological and living samples such

as cells or bacteria.
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It would also be interesting to repeat the experiment especially to attempt to measure
the energy transfer between the the probe and actuator beads. The simulation was
mentioned previously in the chapter. By finding out whether this is in agreement
with experimental data, we have more evidence and thus a deeper understanding
of micro-swimmers and water living micro-organisms. This information could also

further aid the growing field of micro-robotics.



Chapter 5

Four directional stereo-microscopy
for 3D particle tracking with

real-time error evaluation

This chapter is based on the work discussed in the Hay et al. Optics Express pa-
per ”Four-directional stereo-microscopy for 3D particle tracking with real-time error

evaluation” [49].

There are many advantages to putting an SLM in the trapping arm of an Optical
Tweezer setup (making the setup a HOT system). The SLM can be used to produce
multiple traps, as well as providing interactive control of the trap positions in x, y

and z directions.

There are also advantages to putting an SLM in a camera arm of the microscope,
allowing complex imaging modes to be used with only minimal additional hardware
[85, 86]. In this chapter we look at the advantages of using an SLM in this way for
stereo-microscopy, a type of microscopy that allows the user to gain three dimensional

information about a sample. The SLM from the trapping arm of our optical tweezer

84
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setup was replaced with a mirror, and the SLM was moved to the imaging arm,

similar to that in Lee et al. 2014 Optics Express paper [87].

Using multiple illuminations (in this case four) of the sample, and with the help of
parallax calculations, we were not only able to position track an optically trapped
bead in the x, y and z directions, but were also able to measure the accuracy of the
tracking with real-time data. The ability to track in real-time is very important for
many types of experiments, and has been done laterally in areas such as microrehology
and microbiology [51, 52, 88-91], including Dienerowitz et al. biofilms research, which
I was involved in [1]. This is a process, that we have called ‘Quad-Stereo-micrscopy’,
allowing one not only to track laterally and axially, but to measure the accuracy of

the tracking data, all in real-time.

5.1 Introduction

Previously, 3D tracking was done using Quadrant Photo-Diodes (QPDs), which were
positioned on the back focal plane of the microscope’s condenser to detect the photons
that were reflected off the sample [39, 92]. By finding the intensity difference between
quadrants to find lateral position information and summing the intensities reaching
each quadrant to yield axial position information, it is possible to gain 3D position

data.

There were also interferometric techniques used to produce 3D data, which again
uses QPD technology to detect the position of the sample particle [93, 94]. In this
process, two light beams are used to create an interference pattern. Here, the phase
difference, and hence interference pattern produced by the interferometer setup when
a particle is tracked, yields both lateral and axial position information about the

tracked particle, so thus 3D data can be produced.
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One alternative to this QPD method is using digital holography for holographic
3D particle tracking. Here, a hologram (an interference pattern) is produced at
the image plane as the object beam and the reference beam interfere. From this
interference pattern, which can be viewed using a camera, one is able to retrieve
position information, as there is both amplitude and phase information that can be
deduced from the recorded wavefront [95, 96]. Digital holography can be combined
with the interferometric technique discussed previously, by placing the hologram in

the sample plane [97, 98].

Unfortunately, when using QPDs, one is unable to view the sample live, and therefore
it is much harder to detect and stop issues happening within the sample, such as
excess beads falling into tracked traps. QPDs are also not trivial to calibrate, nor

are they trivial to extend to track multiple particles, compared to video tracking.

Other 3D tracking methods not involving QPDs can include contrast inversion [99]

and finding the point spread function of the tracked particle [46, 100].

More recent methods have included combining holograms with microscopy to gain
3D particle tracking is the work of Saglimbeni et al. [101]. In this work, it is shown
that with 3 tilted colour illumination channels, one is able to gain lateral and axial
tracking data, due to the overlap of the three numerical reconstructions obtained by
the tilted light channels. This sterero-scopic technique demonstrates an improvement

in the axial resolution of holographic images.

Much research has gone into the technique of stereo-microscopy. A stereo-microscope
enables three dimensional visualisation of a sample by providing two views of it from
different directions [102, 103]. If an object moves axially in a sample which is viewed
at an angle, there is an observed lateral movement in the corresponding image. This is

by an amount and direction that is dependent upon the viewing angle. The 3D axial
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FI1GURE 5.1: By illuminating the sample from different directions, multiple images

are produced, each individual image corresponding to one illumination direction.

When an object moves up and down in the z direction of the sample, the sample
appears to move in the x and y direction in the corresponding 2D images.

(z) movement of a bead and it’s corresponding lateral (x, y) movement is illustrated

in figure 5.1.

Stereo-microscopy is different to these other methods, as it does not require a holo-
gram in it’s simplest form, and can be combined with high-speed video tracking
[103, 104]. Simple, computationally efficient centroid tracking can be used on 2D

images in order to obtain 3D position information.

Stereo-microscopy can be done in one of two ways (as seen in figure 5.2). One is to

carefully align two objective lenses at angles with respect to the sample, and have
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a single light source illuminating the sample [102, 105, 106]. This process can be
expensive due to having to use two objective lenses and requires two cameras to view
the separate images. In addition, this method limits the choice of objective lens that

can be used, both in terms of magnification and Numerical Aperture (NA).

The cheaper and more simpler setup would be to have two light sources, illuminating
the sample at different angles, followed by one objective lens, located in the con-
ventional position, perpendicular to the sample. By illuminating from two distinct
directions simultaneously, two simultaneous views of the sample from different angles
can be imaged using a single objective lens [107]. This requires just one camera,

making the setup more cost effective, and simpler to calibrate and align.

Not only does this approach have parallels with human vision, where each eye has
its own lens, but it is related to research I was involved in which is discussed in the
Zhang et al. publication, ‘A fast 3D reconstruction system with a low-cost camera
accessory’ [108]. Here, multiple illumination sources are used to produce 3D informa-
tion from a commercially available digital SLR camera. In this example, macroscopic
objects are used rather than microscopic. To gain the 3D information a process
called photometric-stereo is used, where the amount of change of illumination (and
thus shadow) between the different illumination images in each corresponding pixel

is used to produce a 3D map of the object.

One drawback to using this method is the superposition of the images produced from
each illumination angle. Previous ways of tackling this include separation by channel
colour [109], and redirection of the different images by placing bi-prisms in the Fourier
plane of the imaging arm of the system [103]. This method can be tricky to align,

which leads to it commonly being used with only two illumination angles.

Another way to separate superimposed images is to place an SLM in the Fourier

plane rather than bi-prisms [85, 110]. The SLM separates the images by diffracting
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FIGURE 5.2: Stereo-microscopy is a technique that enables a sample to be imaged
from two directions simultaneously, allowing the tracking of microscopic objects in
three dimensions. This can be done by either one illumination and two objective
lenses or two illuminations and one objective lens. By illuminating the sample
from different directions, multiple images are produced, each individual image cor-
responding to one illumination direction.
the light from each illumination direction to a different position on the camera, as the
bi-prisms do. Placing and aligning an SLM in the system is much easier than aligning
bi-prisms, and thus saves time when setting up. It also allows one to incorporate the
technique with other imaging techniques such as dark-field imaging [86], and allows
dynamic refocussing so that particles can be tracked over an increased depth of field
[87]. The flexibility of an SLM also enables multiple illuminations to be viewed
simultaneously (rather than just two), provided the images can be viewed by the
camera. This allows us to measure the accuracy of the tracking system, by comparing
independent measurements, each using a different pair of illumination angles. It is
also an advantage to have more than two illumination angles in case there is an
obstruction in the way of one of the illumination sources. If that does occur, it is

simple enough to swap to another illumination source that is not obstructed, thus

allowing axial measurements to be calculated.

This process can be a useful tool when combined with high-speed video tracking, a
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FIGURE 5.3: Layout of previous Stereomicroscopy system including wedge prisms

to separate the superimposed images and to send them in different directions. This

works best for two illumination directions, so is convenient to use an SLM so that
we can use more illuminators.
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process that we call high-speed video stereo-microscopy. High-speed video stereo-
microscopy has been used in a variety of situations thus far, including the axial
position clamping of optically trapped objects [104, 111], the observation of optically
stacked particles [112], tracking of live algae and artificial non-spherical structures

[111, 113], and in an optically controlled scanning probe microscope [74].

In this chapter we demonstrate a stereo-microscope with four illumination directions
rather than the usual two. We therefore provide two independent measurements of
the 3D position of an optically trapped micro-bead and find the Root Mean Square
(RMS) of the difference to measure the accuracy of the tracking data. The comparison
of these measurements yield our estimate of the accuracy of both lateral and axial
tracking of the microbead in real-time while undergoing Brownian motion, rather than
a single lateral accuracy [104]. This is different to finding the precision or repeatability
of the technique (such as looking at the noise on a static object) [86]. This method
of measuring the accuracy of the system is representative of the situation in which
the technique is most often used. We investigate how tracking errors depend on the
exposure time and the degree of spatial filtering of each image. From examining these

two conditions, we are able to optimise the system.

5.2 Methods

5.2.1 Experimental set-up

Figure 5.5 shows a schematic of the experimental set-up. It is based on a transmission
light microscope with an SLM placed in the Fourier plane in the image arm of the
set-up. The sample is illuminated from four directions with red LEDs (Luxeon Rebel,

peak emission at 636 nm). The LEDs are coupled into light guides to transmit the
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illumination. Light transmitted through the sample is collected by the objective lens
(Zeiss Plan-Neofluar, 100x,1.3NA). The polarising beamsplitter selects light of the
correct polarisation for the SLM. An iris in a conjugate image plane controls the
field-of-view to ensure all images fit adjacently onto the camera. A narrowband filter
(635nm / 10 nm) minimises dispersion of the images when diffracted from the SLM.
The polarising beamsplitter is also used to couple in a single beam optical tweezer
(A = 635nm). The focal lengths of the lenses are: L1 = 120 mm, L2 = 150 mm and

L3 = 200 mm.

We use a compact design for stability, based on the microscope described by Lee et
al. [87], with a modified illuminator head which holds four optical fibre light guides

each illuminating the sample from a different direction.

The compact illuminator head we required was not commercially available, having
four light guides where the illumination angle could be controlled. It was decided
that the illuminator head would be designed using a Computer Aided Design (CAD)
program called Sketchup, and printed using a 3D printer (Ultimaker 2.0). The plastic
material used to make one illuminator head cost about 20p, hence this option ended
up being very cost effective, especially as a set of these were printed covering a range
of illumination angles. As the main design did not change significantly between
illuminator heads, and each only taking approximately three hours to print, it was

also quick, as we did not have to rely on outsourcing the manufacturing to contractors.

We use an SLM to diffract each of the four views of the sample to a different location
on the camera. The optical layout is shown in Fig. 5.5, and the four illumination
paths through the system are shown in Fig. 5.6(a). Each illumination direction
corresponds to a unique position in the Fourier plane of the sample where the SLM
is positioned. The pattern displayed on the SLM is shown in Fig. 5.6(b), it consists

of four apertures, each centred on a position corresponding to one of the illumination
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(a) (b)

FIGURE 5.4: (a) Examples of the illuminator heads designed with Sketchup and

3D printed using the Ultimaker 2.0 3D printer. Note that the three heads cover

a range of angles. (b) Example of one illuminator head holding the four optical
fibres used as light guides.

directions. Within each aperture, a phase grating diffracts the light to a separate

region on the camera chip, resulting in an image such as that shown in Fig. 5.6(c).

5.2.2 Using parallax calculations to find 3D position coordi-

nates

The position of a bead in each image is tracked in two dimensions using a centre
of symmetry algorithm [103]. The apparent position in 2D is a projection of its 3D
position onto the focal plane from the direction defined by the illumination angle.
Each illumination is at a direction defined by azimuthal and polar angles (¢ and 6

respectively). If we were to look at figure 5.7, a bead at position a will result in
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FIGURE 5.5: Schematic of the optical layout. It is based on a transmission light
microscope with an SLM placed in the Fourier plane of the image. The sample
is illuminated from four directions with red LEDs (Luxeon Rebel, peak emission
at 636nm) coupled into light guides. Light transmitted through the sample is
collected by the objective lens (Zeiss Plan-Neofluar, 100x,1.3NA). The polarising
beamsplitter selects light of the correct polarisation for the SLM. An iris in a
conjugate image plane controls the field-of-view to ensure all images fit adjacently
onto the camera. A narrowband filter (635nm / 10nm) minimises dispersion of
the images when diffracted from the SLM. The polarising beamsplitter is also used
to couple in a single beam optical tweezer (A = 635nm). The focal lengths of the
lenses are: L1 = 120mm, 1.2 = 150 mm and L3 = 200 mm.
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FIGURE 5.6: a) Ilustration of the four illumination paths through the system.

Here the SLM is shown as a transmissive element rather than reflective, for clarity.

The SLM diffracts light corresponding to each illumination direction to a separate

region of the camera sensor. (b) A representative phase pattern on the SLM. (c)

The resulting image on the camera. Undiffracted zero-order light is sent to the
central region. The scaling is 73.5nm per pixel.
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a projected image at a; in the focal plane. If the bead moves vertically to b, the
projected image moves to b; in the focal plane. The direction of the translation of
the projected image is defined by 6, and the magnitude is a function of 6z and ¢. For

an arbitrary 3D translation of the bead, the vector to describe it is v = [dz, dy, dz].

Looking at figure 5.7, it is clear to see that if the bead moves in the z direction in 3D,
there will always be some movement in x and y in the 2D projection. This overall
move in 2D is:

T = Ty + T, (5.1)

Ym = Yy + Y. (52)

This corresponds to the movement in the x or y direction itself plus the apparent
x or y component in 2D from the bead’s 3D movement in z. The apparent x and
y movement in 2D due to 3D z movement is equal to dztangcosf and dztangsing

respectively. Therefore, equation 5.1 is equal to

Ty = 0z + 0z tan ¢ cos 6 (5.3)

Equation 5.2 is equal to

Ym = 0y + 0z tan ¢sinf (5.4)

The distances moved in each direction cannot be calculated by one illuminator, as
there are more unknowns than equations. Therefore, we must use pairs of illuminators
(i and j), and use either the x or y data . If a bead moves x or y in 3D, in the 2D
projection the bead will move x,,, and y,,, if viewing with illuminator i, and x,,; in

x and and y,,, if viewing with illuminator j. These values are equal to:
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T, = 02 + 0z tan ¢; cos 0; (5.5)
Ty, = 02 + 0z tan ¢; cos 0, (5.6)
Ym, = Oy + 0z tan ¢; sin 0 (5.7)
Ym, = Oy + dz tan ¢; sin 0; (5.8)

By either setting equations 5.5 and 5.6 or equations 5.7 and 5.8 as a set of simulta-
neous equations, we can rearrange and solve for 0z, with equations 5.9 and 5.10 for

x and y data respectively. 6z will be the same value for both equations 5.9 and 5.10.

52y = i (5.9)
“ = tan ¢; cosb; — tan ¢; cos 0; ’

o ymj - yml
tan ¢; sin@; — tan ¢; sin §;

(5.10)

02y

The value of 6z can then be substituted back into equations 5.5, 5.6, 5.7 and 5.8 to

find dx and dy, using equations 5.11 and 5.12.
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FIGURE 5.7: The relationship between micro-bead’s 3D position to its projected

image on the focal plane. The measured motion of the image parallel to = in

the focal plane is given by z,, = A + dz, where A = dztan¢cosf. Likewise

the measured motion of the image parallel to y is given by y,, = B + dy, where
B = dztan ¢sinf.

T, tan ¢; cos b — T, tan ¢; cos 0;

or =

5.11
tan ¢; cos §; — tan ¢; cos 0; ( )

 Ym, tan ¢;sinb; — yp,, tan ¢; sin b,

8y (5.12)

tan ¢; sin6; — tan ¢; sin 6;

To track accurately using parallax, the angles of the illumination of each channel must

be known. This can be achieved by aligning each channel to the aperture at a preset
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position in the SLM at the focal plane. The light is centred on the aperture when
the image of a microsphere appears at its most symmetrical. When the apertures are
lined up to the illumination, the system is aligned. From there, the azimuthal and
polar angles of each illumination channel can be calculated from the location of the
centre of each aperture on the SLM, without the need for calibration using a Labview
program, by monitoring the translation of a micro-sphere fixed to the substrate as it

is stepped axially by a known distance.

5.2.3 Data Acquisition

A program was created on Labview to control the SLM. This SLM program switches
on the SLM and produces apertures that can be displayed on the SLM monitor,
using the ‘Gratings and Lenses’ algorithm to design the apertures [29]. The program
allows multiple apertures to be displayed on the SLM at once. In the case of the
experiment, four separate apertures are created. Within each aperture, a phase
grating diffracts the light to a separate region on the camera chip. Figure 5.6(b) is
a figure of the grating displayed on the SLM. We find the four separate illumination
first order images from the superimposed zero order image, and align each of them

to a separate aperture.

The program also included an override mode, which was originally used in Lee et
al. paper ‘Dynamic stereo microscopy for studying particle sedimentation’ [87]. This
allows the SLM to continually update the gratings, depending on the position of the
bead. This was achieved by using the calculated z position to design the Fresnel lens.
This allowed the bead to always stay in focus, and thus easier to track over a longer
range. This included adding a lens hologram to each grating on the SLM, to refocus
the bead. We investigate whether keeping the bead in focus is a help or a hindrance

when 3D tracking a bead.
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FIGURE 5.8: Images of the front panel of the Labview program. The left shows the

illumination intensity control and the full image viewed by the CMOS camera. The

right shows the four separated first order images (indicated by the green square

in the left image) and the tracking setup controls. These controls include the

illuminators’ azimuthal and polar angles, tracking area test size, and a tracking off

and on switch.

When the SLM display or the setup is changed and the image is ready for data taking,
a calibration must be performed on a stuck bead in the sample, to calculate the polar
and azimuthal angles of the illuminators. The calibration performed is fairly simple
compared to other 3D tracking calibration procedures (such as QPD calibration), as
the stuck bead is moved electronically through z, with an image taken from each
stage. We calculate the change in x and y displacement in each image, and because

the position in z is already known for each image, we are able to rearrange parallax

equations, to calculate the polar and azimuthal angles required.

These angles are then fed into the camera acquisition program. At this point, track-
ing of a bead is performed using a radial symmetry tracking method [103]. In the
program, the four first order images are separated, and the tracking positions of the
bead in x, y and z are measured, as well as their standard errors, corresponding to
four pairs of illuminations, (two sets of opposite pairs, and two sets of adjacent pairs).

This was done over a set time, where around 500 images are recorded.
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FIGURE 5.9: Accuracy of 3D particle tracking using stereo-microscopy. Top

left, top right and bottom left show traces of the measured x, y and z positions

respectively. In each case the two independent measurements (green and blue

lines) are overlaid by subtracting their mean positions. The red trace indicates

the difference between the measurements. Bottom right shows a zoom in on the

highlighted region of the bottom left to more clearly observe the similarity of the
measurements.

5.3 Results

Figure 5.9 shows a comparison of the two independent measurements of the trajec-
tory of an optically trapped micro-bead recorded using our four directional stereo-
microscope. The difference between each measurement is shown by the red trace. In
this case the azimuthal illumination angles were separated by ~ 90°, and the polar

angles were all ~ 25°.

We have demonstrated an accuracy of better than 7% of the range of motion of a

2 pm diameter optically trapped micro-bead (as seen in figure 5.9).

The RMS of the differences between each measurement in the case of figure 5.9 are

2.6nm in z, 4.5nm in y and 5.1 nm in 2, using data recorded over a 30s period with
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FIGURE 5.10: Accuracy of 3D particle tracking using stereo-microscopy in each
dimension with respects to (a) the level of spatial filtering (aperture size in terms
of a percentage of the SLM screen space) and (b) the exposure time of the camera
(measured in microseconds).
an exposure time of 1877 us (corresponding to a frame rate of 532 Hz if not limited

by other factors). Figure 5.9(d) shows a zoom in on part of the axial position trace

to more clearly reveal the similarity of the measurements.

5.4 Discussion

In figures 5.12 we can see that the off-axis illumination introduces distortions in
the images of a micro-bead. due to the image and the illuminating light not being
perpendicular to each other. Some of the high spatial frequency distortion caused
by this can be removed by changing the aperture size on the SLM (hence add some

low-pass spatial filtering to the image).

If the apertures are too large, then the spatial filtering is set too high. Not only
would the amount of light reaching the image plane saturate the camera chip, but
the distortions due to off axis illumination would cause the bead to appear more
asymmetric as it moves axially, making it more difficult to track, and increasing the

tracking difference. This is shown in figure 5.13.
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describes each set of illuminator pairs. The pair of opposite illuminators appear to
give the more accurate results than each set of orthogonal pairs.
Conversely, when the apertures are too small and the spatial filtering is low, not
enough light is able to reach the imaging plane, making it harder to track the bead.

This causes a decrease in the signal to noise ratio, which leads to an increase in

tracking difference.

The results of how the aperture size affects the bead image are shown in figure 5.12.
A balance between these effects results in an RMS tracking difference between illumi-
nator pairs (see figure 5.10(b)). This aperture size is between 10 and 11 pixels wide,

corresponding to a radius of approximately 1.4mm.
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FIGURE 5.12: (a) shows a column of four images of a micro-bead at different

heights with a spatial filter diameter of 2.5mm. (b) shows the same micro-bead

with a reduced diameter spatial filter. In (b) the images are now more symmetrical,
facilitating accurate tracking.
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The reduction in the signal to noise ratio due to low light levels is also evident when
the exposure time of the camera was varied. These results are shown in figure 5.10.
We found that at shorter exposure times there was an increase in the RMS tracking
difference between illuminator pairs. In our set-up the light level was limited by
the diffraction efficiency of the SLM, so a 10 nm bandpass filter was used to reduce
dispersion of light diffracted from the SLM. At exposure times less than 300us, we
have RMS tracking differences of over 20nm in all dimensions. Despite this, we
find that this RMS tracking difference levels off to around 10 nm in each dimension
above exposure times of 663 us, corresponding to a frame rate of 1508 frames/second.
This issue can also be further improved by increasing the illumination intensity [42].

Figures 5.10(a) show a small difference in the minimum error for each dimension.

This is representative of the variation in measurements taken with our system, where
the measured accuracy was dependent upon system alignment, and the state of the
sample (for example, how perfectly spherical and optically clear the micro-bead of
interest was). Throughout our measurements we obtained accuracies of 2-5nm lat-

erally, and 5-10nm axially on a 5 um diameter optically trapped micro-bead [49].

We also found no strong argument to whether the override system to keep the bead
in focus was an advantage to the system, while working within the focussing range
(see figure 5.14). This was experimented on by moving the sample stage manually,
producing a spike for our RMS graphs. We found that the accuracy of the tracking
measurements is greater with the override mode switched off. This may be due to the
SLM updating at a lower speed than the camera frame rate. Therefore, by the time
the SLM has updated, the bead position has changed again, and this new position
correspond to a new grating, meaning the SLM must be updated again. This would
mean the override is reacting too slowly for the system. However, this is something

that more research would have to go into, to help us understand this better. A fairer
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FIGURE 5.13: A vertical cross-section through a z-stack of images (200 images

recorded at 100 nm height separations) of a 2 um diameter micro-bead illuminated

by a single off axis illuminator. The approximate position of the micro-bead is

marked with a dashed white circle. Optimum tracking is achieved by choosing the
most symmetrical horizontal plane for centre of symmetry tracking.
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way to evaluate the effects of the override is to make controlled movements of the
stage rather than rely on manual movements, making all movements equal in size.
It would also be helpful to vary the speed and the distance over which the stage is

moved, to see how much this can effect the SLM update.

So we find that for the most accurate 3D tracking results we want an aperture size
on the SLM of 10-11 pixels, corresponding to a radius of 1.4mm, and the camera

working at an exposure time of over 600us.

We find that this method has advantages over other methods, such as interferometric
techniques, and the use of QPDs. The stereo-microscopy system is easy to set up
and has a simple calibration procedure, and although time was taken to adjust the
position of the illuminations, after the first run of the experiment, it did not require
further adjustment. Also, our stereo-microscopy allows the user to view live tracking
of the sample, with the use of a CMOS camera. Unfortunately QPDs do not allow
such luxuries, and so live video-tracking would not be possible for the other two
methods mentioned. Although we use silica beads in our experiment, the sample
does not necessarily need to be spherical nor symmetrical, unlike 3D tracking using
QPDs. We are also able to track multiple particles at once, unlike when tracking not

only with 3D but in 2D with QPDs.

Therefore, even though QPD methods may give similar results even at faster frame
rates (10skHz rather than ~2000KHz from the high-speed video tracking), there are
reasons to suggest that the method explained in this chapter is a method that should

be greatly considered when doing a tracking experiment.
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FIGURE 5.14: Graphs showing the trajectory paths of the tracked 2um polystyrene
bead in z, with the illuminators at approximately 30 degrees. Here, we have man-
ually moved the stage axially over a large distance in a short period. The left
graph corresponds to when the SLM override is switched off, and so the aper-
tures are not changing with respect to the bead position. The right graph has the
SLM override switched on, where the SLM is continually updating its apertures
to allow the bead to always stay in focus. As with figure 5.10, each case the two
independent measurements (green and blue lines) are overlaid. The red trace indi-
cates the difference between the measurements. We see a bigger difference between
measurements when the override is switched on.

5.5 Conclusion

In this work, we have shown how an SLM microscope can be used to provide a
real-time evaluation of the 3D particle tracking accuracy in high-speed video stereo-
microscopy. We have demonstrated an accuracy of better than 2.5% of the range of
motion of a 2 um diameter optically trapped micro-bead, and shown how the error
depends upon the degree of spatial filtering, and camera exposure time, allowing us
to optimise the system. The illuminators on our system were set to be at a polar
angle of ~ 25°, and azimuthal angles of 90°. For the most optimum stereoscope
system at this setup, we found that aperture sizes of 10um and camera exposure

times of over 600us were favoured.
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Knowledge of this error (RMS tracking difference) can also be factored into the trap
stiffness calibration of optical tweezers so that we are able calculate more accurate
force measurements, something that we talk about in Chapters 1 and 3. This in turn
can be used to more accurately recover micro-rheological properties of a sample. As
the error signal is generated in real-time, it can also be used to alert an operator
during an experiment if anything was to cause problems with the data, for example

an unwanted piece of detritus being attracted into an optical trap.

In future we would like to see if we could replace our Quad illuminator with a Digital
Micro-mirror Device (DMD). It is a device made up of pixels which are electro-
mechanical micro-mirrors. These micro-mirrors are bi-stable, meaning they can be
in one of 2 stable sates, which are at +/—12°. This means each pixel can either be
on or off. They can also switch between states very quickly. Some models can switch

at rates of up to 22kHz (much quicker than a liquid crystal SLM).

If we can control which pixels are switched on or off at high rates, we could possibly
program our DMD to operate as four separate illuminations, instead of the LEDs.
This would provide a means of programatically tuning or aligning the illumination
setup. If the illuminations were to switch on and off separately in succession at high
rates, the camera would be able to record the image for each illumination direction
using just one camera frame. This means that the four images are recorded as a
sequence, avoiding the need to separate the overlapping images in the Fourier plane.
Such a scheme would rely on careful synchronising of the DMD to the triggering of
the camera acquisition but would result in a system which is easier to optimise and

which allows the use of the whole camera sensor.
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Conclusions

As stated, Optical Tweezers are a useful tool to manipulate and exert well-defined
forces on microscopic particles. Tracking is a very important aspect of measuring
these forces acting on the particles. We are always looking at how we can optimise
tracking experiments so that we can optimise our force measurement results and

apply these measurements to a range of different applications.

In Chapter 1, we reviewed the background on Optical Tweezers. We mentioned the
importance of SLMs within the system and how they are used to produce multiple,
independently controlable traps. By introducing an SLM in the Fourier plane, the

setup becomes a Holographic Optical Tweezer.

‘The Meadowlark Cube’ is a commercial Holographic Optical Tweezer product. The
product, designed at the University of Glasgow and Meadowlark Industries in Boulder
is one cubed foot in shape, making it compact, stand-alone and portable. Although
this is a unique selling point, there are some drawbacks to the design. For example, to
save space, different sections of the same lens are used for both for the beam expander
and the Fourier lens of the setup, causing the laser light not to travel through the

centre of the lenses and off-axis, thus causing aberrations. The aberrations make

110
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it harder to trap objects, as light cannot be as tightly focused and trap stiffness is
reduced. With the current ‘Cube’ design, aberrations are corrected using the same
SLM that controls trap position, causing a decrease in trap power and stiffness, and
an increase in the chance of issues involving cross-talk, limiting the accuracy of the
tracking data. Relying on the SLM for aberration correction can also be unhelpful

in terms of diagnostic testing.

In chapter 2 we discussed the redesign of ‘The Cube’, to try and reduce the impact of
the design drawbacks. We wanted to keep its same qualities (compact, stand-alone
and portable), but we also wanted to remove the SLM aberration correction software
dependancy, resulting in a system where it is easier to diagnose problems and where
potential problems with cross-talk is reduced. Another aspect we wanted to add was
the opportunity to use Fluorescence microscopy; a useful tool when using the Cube

for biological experiments.

The new ‘Cuboid’ design separates the beam expander / Fourier lens into two indi-
vidual lenses, allowing laser light to travel on-axis, reducing aberrations. This added
~50% to the width, however the setup no longer relies on an SLM, which can now
be replaced by a mirror for diagnostic purposes. This helps to reduce errors and
inaccuracies in tracking data. The extra space created also allowed us to replace the
fibre coupled laser in the original Cube with a fixed solid-state laser. This provided
the advantage of allowing the controller electronics and power supply to be easily

detached from the optics for easy transportation of the tweezers.

In the Cuboid, the additional space also allowed us to introduce a cheap and simple
fluorescence imaging system into the design, allowing us to image trapped beads in

fluorescence, at low frame rates.

In Chapter 3 we extended the simple fluorescence tracking to high-speed fluorescence

centroid tracking. The vast majority of video-tracking micro-rheology experiments
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is performed using brightfield microscopy, as it is easy to implement, as long as the
trapped particle is uniform and spherical. However, brightfield is not always the best
option. One example is in biological experiments, where a trapped particle (such as
a cell) is non-spherical. Rotational movement of such trapped particles can often be
mistaken for lateral shifts, due to a change in its 2D image, the consequence of this

being skewed and misleading displacement data for the particle.

Fluorescence microscopy is often used to overcome such issues. When a particle, such
as a cell, is marked with a fluorescent dye, internal structures, such as organelles, are
no longer visible. Therefore, the cell appears more uniform and opaque, than it would
under brightfield microscopy, leading to an increase tracking data quality. The main
setback when particle video-tracking with fluorescence microscopy is the significantly
reduced light levels, resulting in higher exposure values and hence low tracking frame
rates. When using the same CMOS camera as used in brightfield, we were able to
track between 20-30 frames per second. This would allow us to calculate the variance
of the Brownian motion, however due to the long frame rates, we would not be able
to measure the MSD to a high enough standard. In this Chapter we were able to

increase the frame rates using either an EMCCD camera or an sCMOS camera.

We compared the performances of the EMCCD and sCMOS cameras discussed pre-
viously, using a reduced region of interest and a frame rate of 250 frames per second,
and discovered that both cameras agreed at some of the lowest limits of light levels.
Also both cameras agreed with a standard CMOS camera using brightfield illumi-
nation, operating at a 10 times lower frame rate. Thus using a scientific camera
significantly increased tracking data quality. This was at a light level of around 40
photons/pixel. This quality reduced until the particle could no longer be tracked at
around 27 photons/pixel, even though the bead could still be imaged. This is useful

information for those who are planning biological tracking experiments and want to
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make the optimum choice of which camera to use.

In Chapter 4 we used Holographic Optical Tweezers to study microparticles in Low
Reynolds number environments, and to consider the possibility of developing non-
invasive hydrodynamic trapping. Reynolds number is the ratio between the inertial
forces and viscous forces acting on an object. Most organisms live in high Reynolds
number environments. However, most water-living bacteria live in low Reynolds
number environments, as water is very viscous to microscopic objects, and so viscous
forces dominate over the bacterium’s inertial forces. Some water-living bacteria have
evolved so that they do not need to rely on inertial forces to be able to move, such as
cork-screwing motions. However, these techniques are not fully understood physically,

as some must involve periodic deformations that break time-reversal symmetry.

We produced a very simple model of how bacteria at low Reynolds number environ-
ments may act, where we optically trapped a bead that is also hydrodynamically
interacting with another bead. This was done by static optically trapping a probe
bead, while driving a holographic optically trapped actuator bead at close proximity.
The actuator firstly moves with circular motion, and then with horizontal motion,
thus producing two different fluid flows. This was a very simple model of how some

micro-swimmers may act under time-varying viscous hydrodynamic forces.

We quickly realised that the time-varying hydrodynamic forces, like those produced
from the simple trapped bead in this experiment, were fairly weak, and hence, a more
elaborate method of producing the forces was required in order to ‘trap’ a particle.
There is opening research going on to develop specialised microtools for producing

hydrodynamic forces capable of trapping particles.

We investigated the video tracking of the probe bead and explored the resulting tra-
jectories that were executed by the probe under the two time varying configurations

of the actuator path. We discovered that the probe’s movement followed a closed
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‘Lissajous-like’ trajectory, while experiencing time-varying oscillating hydrodynamic

forces, produced by the actuator bead path.

We also found that these paths broke time-reversal symmetry, by which we mean the
path would not be the same if the experiment was happening backwards in time. This
is a consequence of the changing balance between the time-varying hydrodynamic
force produced by the actuator and the optical restoring force of the static probe trap,
that changes with respect to the probe’s position. This information could further aid
the growing field of micro-robotics, and deepen our understanding of micro-swimmers

and water living micro-organisms.

All of the tracking we had done thus far had involved 2D video tracking. In Chapter
5 we expanded this to video tracking optically trapped beads in real time in three
dimensions. Stereomicroscopy allows 3D position tracking data to be retrieved by
viewing the sample from different directions. If an object in the sample was to move
axially, and is viewed at an angle, there is an observed lateral movement in the
corresponding 2D image. By observing this lateral movement, and using parallax
calculations, we are able to calculate the axial movement, as well as the lateral

movement.

In previous work, instead of viewing the sample from two different angles, the sample
was illuminated at two different angles, producing two separate images, which are
superimposed in the objective lens. The superimposed images can be separated by
placing an SLM in the Fourier plane of the imaging arm and uploading a diffraction

grating for each image on its screen.

In Chapter 5, we demonstrated a stereo-microscope with four illumination directions
rather than the usual two, allowing us to gain two independent sets of 3D tracking
data of an optically trapped bead undergoing brownian motion. This was used to

calculate the accuracy of the stereo-microscope. We were able to use this accuracy
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measurement to further optimise the stereo-microscope’s features, such as the angle

of the illumination and exposure time.

We discovered that the optimum illumination polar angle was ~ 25° and azimuthal
was 90°. Also, the optimum aperture size for each grating on the SLM was approxi-
mately 10um, and that camera exposure times larger than 600us were favoured. We
compared two independent results that were recorded, and demonstrated a tracking
accuracy of better than 2.5% of the range of the bead’s motion, in all three dimen-
sions. This 2.5% corresponds to a RMS tracking difference of approximately 5nm; a

measurement that was recorded in the z-axis.

The work in all the chapters have led to developments in optimising Optical T'weezers
for Tracking and force measurement experiments, and is anticipated to be of major

benefit to future work and collaborations.

6.1 Future work

There is much scope for the Cuboid design mentioned in Chapter 2. Due to its small
and compact design, it is easily transported and exhibits good stability. There are
plans for the Cuboid to be loaned to Exeter University for collaborative work with
Dr. David Phillips, who will be investigating the world of micro-tools and micro-
robotics. This work will be a continuation of the work mentioned in Chapter 4.
There are also opportunities for future collaborations with other research groups at

the University of Glasgow, including some in the life sciences

Various future improvements to the Cuboid have been considered. Combining the
system with light-sheet or confocal microscopy can be used to remove the out of focus
parts of the image, where the limited depth of field becomes problematic. Increasing

the depth of field by adding an aperture to the Fourier plane of an imaging arm may
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allow the system to be used to reconstruct 3D models of microscopic samples using
a radon transform on a sequence of 2D images recorded from different views of the

object.

As camera technology is constantly improving, future work in Chapter 3 could include
using the very latest, scientific cameras. If camera technology allows us to image at
fast enough frame rates, we could track live, instead of tracking pre-recorded video
data. This would be a better comparison to the more generic live tracking in the
brightfield. It would also be great to apply this technique to a biological experiment

where the benefits of improved cell tracking can be realised.

There are already future plans for the work described in Chapter 4, as discussed. This
work could help research into life at low Reynolds number environments and micro-
robotics, and allow various hydrodynamic systems to be modelled. We could study
how multiple time-varying hydrodynamic flows would effect trapped and untrapped
particles, and see if, with the right setup of flows, whether it is possible to produce

a hydrodynamic trap, for less invasive biological trapping experiments.

We have also discussed ideas for future work into Chapter 5 . We could replace
our LED and light guide illumination with a Digital Micro-mirror Device (DMD).
This would allows us to rapidly change the illumination angle such that the resulting
images could be separated sequentially, without the need for an SLM in the Fourier

plane. This would also make the system simpler to align and optimise.

Finally, we could also attempt to combine all the ideas mentioned in the separate
chapters into one Stereo-microscope, which can be used to image and track biological

samples in fluorescence with the possible use of hydrodynamic traps.
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By making use of SLMs and DMDs to shape light, rather than using traditional
optical elements, one can create microscope systems capable of multiple imaging and

trapping modes with only minimal additional hardware.
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