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Abstract

Many microscopic swimmers in nature navigate through complex fluids, such as worm type
swimmers in muds, and spermatozoa in cervical mucus. An understanding of the swim-
ming response to such fluids is gaining increasing attention with the hope they will aid in
the development of artificial microswimmers and in enhancing processes involving natural
bioswimmers, such as fertility treatments. In this work, the swimming behaviour of a
swimming green algae, Dunaliella salina, is examined experimentally. Fluids with differ-
ent rheological properties have been used to study the effects of increasing viscosity, shear
thinning properties and viscoelasticity of the surrounding medium on the algae swimming
characteristics, such as velocity, beating frequencies and stroke velocities.

In a water-like medium akin to their natural environment, the algae were found to swim
with a velocity of V,,e; = 49.55 um s ™! while beating at a frequency of fpr = 29.97 Hz. With
the addition of a viscous enhancing agent (Ficoll PM400) the algae swimming velocity
followed an essentially monotonic decrease as viscosity increased, based on a power-law
relationship (V oc n~1). This was attributed to the constant drag produced by the algae
and limited variations in the stroke dynamics, which was confirmed by analysis of the
power and recovery strokes.

Compared to the Newtonian cases, when the surrounding fluid exhibited shear thinning
properties, achieved by addition of Xanthan gum, the swimmer displayed reduced stroke
times for comparable displacements in the Newtonian cases. This lead to an overall boost

in the recovery stroke over the power stroke. Polyacrylamide was used to analyse the
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Chapter 0. Abstract

viscoelastic response of the algae. However, for this particular case it was apparent that
due to the confounding effects of elasticity and shear thinning, it was difficult to define an
elastic response.

Furthermore, the wall interactions of Dunaliella salina was quantified, with a preference
to bounce from a wall observed. The approach dynamics to the wall were found to hold
little influence on the escape, with only a slight tendency for increased reverse bounces at

high approach angles and slower velocities.
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Chapter 1

Introduction

1.1 Chapter overview

In this chapter, the main topics and background knowledge drawn upon in this work are
introduced. Initially, the chapter introduces the work conducted in this thesis, detailing
the motivation and areas of interest. A description of swimming at the microscopic level
follows, describing motility techniques and providing a definition of swimmer types (pullers
vs pushers). A brief overview of the most relevant microscopic swimmers present in na-
ture comes next, with details of low-Reynolds number swimming. Next, a look into the
algae genus gives details into general algae classification, specifically looking at the algae
utilised throughout this work, Dunaliella salina. Topics such as cell/flagellum structure,
reproduction, and motility methods are all introduced and discussed. Finally, an overview
of microalgae applications is conducted detailing processes such as food/supplement pro-
duction, biofuels, biofertilisers and the production of microrobotic swimmers. Procedures

utilising Dunaliella salina are given particular focus.



Chapter 1. Introduction

1.2 Motivation and overview of thesis

Across the natural world, many species rely on swimming at the microscopic scale. Organ-
isms such as some algae species [1-3] and minute worms [4-6] rely on navigating to areas of
favourable food or light, spermatozoa must navigate through cervical mucus to fertilise an
egg [7,8] and cilia in the lungs and gut move in unison to remove mucus [9,10]. Due to the
short length scales and relative low swimming velocities, microscopic swimmers are within
the regime of low Reynolds number flows, consequently viscosity is dominant over inertial
effects. Therefore, swimming at this scale is very different from that at the macroscale, as
there is an inability to swim with reciprocating motion and an instantaneous fluid response
to body motion is present.

A general understanding of these systems is key in utilising microorganisms for our
benefit, such as commercial products ranging from the food to cosmetic industries and
industrial applications including biofuels and bioindicaters [11-14]. Furthermore, if mi-
croorganisms motility methods can be replicated, it may lead to the production of artificial
microswimmers. If these microbots become available at the commercial scale, a vast range
of applications and possibilities open up, from targeted drug delivery, to microsensing, to
micromanufacturing, to novel smart materials, the uses of such swimmers are vast [15-18].

Further to the general research for swimmers in a water-like media, research into the
swimming response in complex fluids is of vital importance in many of the systems dis-
cussed. Many swimmers in nature navigate through complex fluids such as spermatozoa in
cervical mucus [19,20] and worm type swimmers in complex muds [21]. Furthermore, for
the generation of artificial microswimmer an understanding of the response to these com-
plex fluids is needed for any system present in such a fluid. A key example is blood, which
is shear thinning and would be of great importance in targeted drug delivery [22,23]. Com-
plex fluids such as fluids that possess differing viscosities, shear thinning and viscoelastic
properties have been shown to elicit non-trivial responses which may be able to be drawn

upon to improve swimming efficiencies [19,24-28].
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In recent years with improved microscopy and velocimetry methods interest in micro-
scopic swimmers has increased with many works focusing on the swimming dynamics of
microscopic organisms. Particular model swimmers are often referred to in these works,
Chlamydomonas reinhardtii / Dunaliella salina single celled algae swimmers [24,29], E. coli
a bacteria swimmer found in the gut [25,27,30], C. elegans a worm type swimmer [6,31,32]
and spermatozoa which has great relevance in fertility treatment [19, 20, 33-35]. These
swimmers each possesses different motility methods and their response to different fluid
conditions varies greatly. Within the work that has been conducted thus far, a picture of
the response to complex fluids is being built. However, a variety of responses have been
displayed, thus significant questions are still present. The aim through this work is to aid
in the understanding of microscopic swimming response to these complex fluids, and help
add to the picture being constructed.

In this work, the swimming dynamics of a flagellated algae swimmer were characterised,
first in the medium, a water-like solution (Chapter 4), then under Newtonian fluids with
increasing viscosities (Chapter 5), fluids with shear thinning properties (Chapter 6) and
finally viscoelastic fluids (Chapter 7). The swimmer of question in the study was Dunaliella
salina, a swimming alga with a diameter of ~ 14 pm. Its motility is provided by two arm
like appendages which extend outwards from the top of the body, and beat in an almost
breaststroke-like motion, propelling the swimmer forward.

A wide range of swimming dynamics were analysed and discussed using the meth-
ods discussed in detail in Chapter 3. Analysis with a camera of conventional frame rate
(15 FPS) displayed the net swimming velocity, overall progression of the swimmer and
the orientation. Using statistical methods such as histograms, windroses and the mean
squared displacement (MSD) the swimmers’ response to the different fluids was charac-
terised. However, purely analysing the algae under a camera with conventional frame rate
lost large parts of the swimming kinematics. Due to the restrictions of low-Reynolds num-
ber swimming the algae move forwards and backwards in two distinct phases (the power

and recovery stroke) as they swim. Utilising a high speed camera and high magnification,
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the beating dynamics such as the beating frequency and the velocities through the power
and recovery stroke were captured, displaying responses that would be masked if purely
using low frame rates.

An issue often present in experimental work into swimmers in complex fluids is fluids
often possess different complex properties. One example is polymer solutions used to
generate viscoelastic properties are often shear thinning and difficulty can be present when
decoupling the response to each property. One method often drawn upon is calculating the
effective shear rate of the swimmer (the average shear rate across the swimmer’s body),
allowing for an effective viscosity to be produced. This then allows for comparison between
Newtonian and complex fluids. The hope is that through the methods conducted, greater
knowledge into the individual response to such complex fluids for this alga will be recovered,
and a definition of an effective viscosity can be characterised for this swimmer.

Furthermore, to the analysis of complex fluids, the swimmer’s response to a solid bound-
ary was examined (Chapter 8). The interaction with a wall for microscopic swimmers
is of great importance for natural systems such as spermatozoa navigating the cervical
canal [36-38], biofilm formation [39-41] and algae interaction with the surface barrier in
oceans [42]. Further, industrial applications rely on these interactions, such as algae pho-
toreactors which need to maintain a clear boundary to ensure sufficient light reaches the
full population within [43]. It has also been shown that managing wall interactions of
microswimmers can be used as a concentrating or filtration method, and have even been
shown to move a mechanical gear [44-46].

The work conducted in this thesis placed Dunaliella salina in a shallow microfluidic
channel, imposing quasi 2D conditions. This allowed for a detailed analysis of the con-
trolling features when the algae came in contact with the solid boundary of the channel.
Characteristics such as the approach and escape angles and velocities were defined, as well
as the kinematics at the walls surface. Using these variables, a statistical analysis was con-
ducted into the different forms of wall interactions. The hope that with this analysis the

response to a wall can be predetermined by the approach conditions with the expectation
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for this knowledge to be used in filtration or concentration methodologies.

1.3 Microswimmers

A microswimmer is an organism or device that is motile by means of self propulsion at
the microscopic scale. A number of microorganisms utilise diverse motility techniques
and posses the ability for controlled navigation as it allows them to relocate to areas
of improved nutrition, light or away from hazardous effects such as temperature or high
chemical levels as well as assisting in sexual reproduction processes. Recently, artificial
microswimmers have been developed to mimic or evolve on the swimming techniques of
natural microswimmers, with intended uses in sectors as diverse as medical, manufacturing
and sensing [16-18].

There are many methods of propulsion at the microscopic scale in the natural world [47].
Some utilise the body of the organism to provide the forward propulsion, such as worm
type swimmers. However, quite possibly the most common method of propulsion is by
the means of flagella, which are whip-like appendages that protrude from the cell and
are controlled by micromotors. There are two main types of flagella: prokaryotic and
eukaryotic. Prokaryotic flagella utilise rotary movement to rotate a helical protrusion,
whereas eukaryotic flagella use a complex sliding filament system to drive responses along
the whole flagellum [48]. Examples of prokaryotic swimmers are Escherichia coli (E. coli)
which use many flagella all over its surface [25,27,30] and Vibrio choleraes which rotate
one flagellum similar to a corkscrew [49]. In contrast, examples of eukaryotic swimmers
include green algae such as Chlamydomonas and Dunaliella who use two flagella beating
in a breaststroke-like motion [24,43,50]. Other forms of flagellated swimmers are motile
by the means of Cilia, which have the same structure as flagella but are typically shorter
and are distributed across the cell body in their thousands. Paramecium and Volvoz are

types of algae that use cilia as a motility method [9,10,48,51-53].
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In terms of artificial microswimmers, motility techniques are just as broad. Examples
of these swimmers include scallop type swimmers that have one simple mechanical hinge
that can only move through complex fluids [54], and chains of beads [55] that are motile
by flexing the beads along the chain. These systems are commonly controlled by magnetic
actuation, which allows for fine precise control at a distance from the swimmers. Another
method of artificial swimming is janus particles [56,57]. Janus particles surfaces have
two or more distinct physical properties such as chemical structure, response to water
(hydrophobic/hydrophilic) or magnetic properties. Utilising the difference in structures,
these particles can be given active motion dependent on the immersed fluid or magnetic
field [58,59].

Swimmers are generally categorised dependent on their interaction with the fluid and
are classed are either pullers or pushers [60-62]. As can be seen in Figure 1.1, puller
swimmers draw the fluid around them, in towards the body in the longitudinal direction
and expel it in the transverse direction. Whereas pusher swimmers expel the fluid in the
longitudinal direction, drawing the fluid in from the transverse direction. The induced
flow field can be modelled as a symmetric force dipole or stresslet [63]. In regard to a
puller swimmer, a negative stresslet would be assumed and positive for a pusher. Hy-
drodynamic interactions will thus vary depending on swimming type, with attraction or
repulsion forces depending on orientation and swimmer type. This has been shown to
have significant influences on the viscosity of swimming suspensions, with pushers seeming
to reduce viscosities [64,65] and pullers increasing it [66-70]. Examples of pusher type
swimmers are F. coli, or Spermatozoa and examples of puller swimmers are algae swimmer
such as C. reinhardtic and D. salina. However, while these types of swimmers are gener-
ally classified as puller swimmers, they oscillate between pusher and puller like behaviour
between their power and recovery stroke as they move backwards and forwards through

the fluid. In some cases this type of swimming is referred to as neutral swimming [60, 62].
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Figure 1.1: Schematic diagram noting a fluid’s response to pusher (orange body) and puller
(green body) swimmers. Green and red arrows represent the propulsions and drag forces
on the swimmer’s body and appendages, and blue dashed arrows depict the direction of
fluid motion. Image adapted from Podar et al [71]

1.3.1 Swimmers in nature

Across the natural world, many organisms utilise the mechanisms of microscopic swimming
to either provide motility to their body or the movement of other substances. The ability
for an organism to achieve motility is an evolutionary trait, with the obvious advantage of
the capability to move to areas of benefit to the organism and away from areas of harm.
The type of swimming motion to provide progression is not universal with different species
utilising different appendage formation and numbers to provide the propulsive force. Some

of the most common and well known microscopic swimming organisms are described below:
o FE. coli

— FE. coli, a bacterium common in human and animal intestines, has several flag-
ella which are connected to a rotary motor. Each filament has a diameter of
approximately 20nm and length of 10 pym. Rotating in an anti-clockwise direc-
tion, the flagella bundles and the cell swims along in a straight path. When one
or a number of flagella start to rotate clockwise, the bundle is disrupted causing
an abrupt change in direction. This type of motion is called a run and tumble

trajectory, with the run representing the straight part of the motion and tumble
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representing the sharp change in direction [25,27,30].

e Spermatozoa

— Spermatozoa propel themselves towards the egg using a rollicking spin in pre-
cession. As well as the tail rotating, the head also rotates, resulting in an
almost drilling like motion of the spermatozoa through the fluid. The length of
a spermatozoa flagellum varies by species, but for a human it is approximately

40pm [7,8].
e Chlamydomonas reinhardtii/ Dunaliella salina

— Chlamydomonas reinhardtii (C. reinhardtii) and Dunaliella salina (D. salina)
are morphologically similar algae that use the same method of propulsion. Both
are approximately 14 pm in diameter and swim with two flagella beating in an
asymmetric almost breaststroke like motion. Two strokes are present, a power
stroke where the flagella extend bending towards the base of the body and
a recovery stroke where the flagella fold and return to their initial position

producing less drag than the power stroke [2,24,50].
o (. elegans

— C. elegans is a small, multicellular roundworm, which due to the wealth of
biological research into the species is seen as a model system for low Reynolds
number experimentation. C. elegans move by producing travelling waves using
95 muscles through its body. It has a length scale of 1mm but despite their
large size in convention to other microswimmers, C. elegans still display low
Reynolds number swimming. An advantage of their larger size is flow fields

around their bodies can be more accurately obtained [6, 32, 72].

e Paramecium
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— Paramecium is a ciliated microorganism that is covered with thousands of cilia
that beat in time with each other. Cilia can also be found in the lungs and
airways of humans, with their job to remove mucus and other forgiven particles

up and out of the airway [53].

1.3.2 Swimming at low Reynolds numbers

Swimming at the microscopic level is very unlike the swimming kinematics experienced
by a swimmer at the macroscale. A key defining feature of microscopic swimming is the

Reynolds number (Re), defined as the ratio of inertial to viscous forces

_Inertial Forces  pV D
~ Viscous Forces 1

Re (1.1)

where V' is the velocity, p is the density, n is the viscosity and D is a characteristic
dimension. At high Reynolds numbers, inertial forces dominate while at low Reynolds
numbers, viscous forces have the greater impact.

Generally a human swimming in water would experience a Reynolds number in the
order of ~ 10%*. However, for a microscopic organism, the characteristic Re is typically
< 1071, often in the region of between 1072 to 107, due to their slow swimming velocities
and small bodies [73]. Therefore, viscous forces dominate and inertial effects can typically
be ignored.

Additionally, the frequency-based Reynolds number can be used to assess unsteady

flow effects. Conventionally, the frequency-based Reynolds number is defined as

Re freq = 2=15E (1.2)

where fpp is the frequency. For C. reinhardtii (Section 1.3.1), an alga microswimmer
the beat frequency can be approximated to 50Hz [24,67] and therefore the frequency-

based Reynolds number of a typical microswimmer can be calculated as Ref,.q ~ 0.03.
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Consequently, it can be assumed the flow is steady. In the case of a typical bacterium
such as E. coli (Section 1.3.1) wpr would replace the frequency and denote the rotational
frequency at which the flagella rotate.

To gain further information on swimming at the microscopic level in Newtonian fluids,
the Navier-Stokes (Equation 1.3) and continuity (Equation 1.4) equations can be modified
to produce the Stokes equation

dv
P+ (V-7)V) =n’V -vyP+Fp (1.3)

v-V=0 (1.4)

where P is the fluid pressure, Fp takes into account in the momentum equation the forces
applied, V' is the velocity, p is the density and 7 is the viscosity [53,74]. The Navier-Stokes
equation can be nondimensionlised using V., D, and t. as reference scaling for velocity,

length and time

D= D. (1.5)
-V

V=1 (1.6)
f:ttc (1.7)

where V., D. and t. are the characteristic dimensions variables for velocity, length and
time and reduce the terms to dimensionless values. The tilde ~ denotes a variable as
dimensionless.

This follows that the spatial derivatives will naturally follow the nondimensional coor-

dinates thus

10



Chapter 1. Introduction

i 1.8
V=10 (1.8)
2
~9 \V4
= 1.
and the pressure and force terms can then be defined as
- P
P 1.10
nVe/D (1.10)
Fy — 18D (1.11)
B = v .

Rearranging the unsteady conventional Navier-stokes equation into its nondimension-
alised form gives
Re dV

~ ~ o~ ~2~ ~ o~ ~
Y LRV - UV =vuV-vUP+F 1.12
5 af TRV \V/ VP +Fp (1.12)

where Sr is the Strouhal number defined as Sr = (t.V.)/D. It describes the forcing
timescale in relation to the flow timescale and is related to the oscillating flow mechanics.

Given the typically low Reynolds number experienced by microswimmers, the Navier-
Stokes equations reduces to the so-called Stokes equation (also known as the creeping flow

equation).

vP=n?V+Fp (1.13)

The Stokes equation is a linear time-independent equation, and consequently symmet-
ric under time reversal. This leads to a number of important properties that affect the
fluid flow around a microswimmer. Firstly, it is pseudo steady-state [74]. The lack of a
time derivative infers that temporal changes can only be introduced by moving boundary

conditions, such as the flagellum, to which the fluid responds immediately. Secondly, it is
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linear. The Stokes equation implies the solution of the flow field around complex structures
can be assembled by superposition.

As the Stokes equation is linear and time reversible, it gives rise to motility reversibility.
Therefore, for microswimmers it is not possible to achieve net motion by using reciprocating
strokes under Stokes conditions. The significances of the reversibility is known as the
“scallop theorem” coined by Purcell in a famous lecture in 1976 [73] in relation to the
swimming motion of a scallop which uses one degree of freedom reciprocating strokes, and
thus would not be motile in low Reynolds number fluids.

The first to prove it was possible to swim in an incompressible Newtonian fluid in the
absence of inertia (low Reynolds numbers) and under the Stokes equation was Sir Geoffrey
Taylor. He demonstrated that an infinite waving sheet generating travelling waves could
indeed swim through such fluids [75, 76]. Taylors planar sheet oscillated following the

prescribed form according to

y(x,t) = Aysin(kycy — wpt) (1.14)

where A, is the travelling wave amplitude, w,, is the wave frequency, k,, = 27/ Ay, Ay is
the wavelength, ¢,, = wy, /Ky is the travelling wave speed and k is the wave number.

Through this analysis, Taylor found the travelling sheet to move forward at a velocity
of

V = wy,A? %‘” (1.15)

w

When oscillations were introduced, a point of interest to note is that the sheet would
propel itself in the opposite direction to the travelling wave [75,77].

Following on from Taylor’s work, many expanded and refined the work conducted such
as the resistive force theory (RTF), devised by Gray and Hancock [78] who, by analysis of
spermatozoa cells and Taylor’s sheet, stated the hydrodynamic forces an organism would

experience would be proportional to the local body velocity
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Fg =CnVN + CrVip (1.16)

where C' is the local resistance coefficient per unit length and N and T are the normal and
tangential components. Therefore, it states the total thrust produced by the flagellum can
be obtained by the integral of the propulsive force over the body or flagellum length. The
drag-based thrust is therefore defined by the anisotropy between the normal and tangential
resistance coefficients.

For Caenorhabditis elegans (C. elegans) a worm-like swimmer, using slender rod ap-
proximations it the ratio was found to equal 1.5 [79,80]. When wall effects were incorpo-
rated, the resistance coefficient ratio was found to alter and has been found to reach values
greater than 2 [81].

Microswimmers are not solely restricted to swimming in simple Newtonian fluids, with
many swimmers thriving in complex fluids such as muds, gels and bodily fluids [19, 31,
35]. Often these fluids display shear thinning and viscoelastic behaviour. Fluid elasticity
reinserts a history-dependent element that is removed by low-Reynolds number swimming,
as the elasticity adds a relaxation timescale [82]. This added time dependence allows for
motility through elastic fluids by one degree of freedom reciprocating motion, such as a
scallop would use. While this technique has never been observed in the natural world, the
concept has been proven both numerically and by experimental means [83].

As well as reciprocating motility through viscoelastic solutions, it has also been shown
that it is possible for strain rate-dependent viscosities to allow for motility at low Reynolds
numbers. Qui et al. showed that by controlling the movement rates of a scallop-like
swimmer in low-Reynolds numbers fluids which were shear thinning or shear thickening,
motility could be achieved. This was due to local changes in viscosity of the fluid induced
by different shear rates exerted by the scallop [54].

With the addition of complex rheology, further dimensionless numbers are of impor-

tances. This work will draw on a couple of these numbers: the Deborah and Weissenberg
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numbers.

The Deborah (De) number is a dimensionless quantity relating how over a given time
frame a viscoelastic fluid will behave. It is defined as the ratio between the characteristic
time of the fluid and the characteristic time of the flow, (De = ?) where ) is the character-
istic relaxation time and ¢, a characteristic timescale. For Newtonian fluid flows De = 0,
and for purely elastic solids De — oo [84].

The Weissenberg number, coined after Karl Weissenberg, is a comparison of elastic
and viscous forces providing a metric of non-Newtonian effects. It defines the degree of
anisotropy or orientation generated by deformation. In simple shear, it is defined as the

Elastic Forces

shear rate multiplied by the relaxation time [84] Wi = — =7
Viscous Forces

Furthermore, for reciprocal swimmers, it has been shown that the addition of Brownian

motion can enhance diffusivity compared to normal diffusion [85]. This was shown at time
scales larger than that of rotational diffusion, breaking the symmetry of the back and
forward strokes. Therefore, for these swimmers under the influence of Brownian motion,
utilising reciprocal motion can lead to enhanced diffusion under certain conditions which

can be biologically advantageous.

1.4 Algae

The term “algae” (singular Alga) is a broad term that has no formal definition or taxonomic
meaning; however, it is generally used to describe a group of photosynthetic organisms that
are primarily aquatically based [86,87]. Depending on the definition, the number of algae
species can range from 30,000 to 1 million, with 72,500 species being the quantity reported
by Michael Guiry [88] based on the current species documented on AlgaeBase. Each species
can be distinguished and defined by the morphology of their features such as number of
cells, size, compositions, etc.

Algae have a relatively simple reproductive and vegetative structures, in comparison to

more high-level land plants, as they lack complex tissues such as stems, roots, leaves and
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vascular tissues. Depending on the species, algae reproduce by asexual or sexual means [87].
However, in certain species reproduction can be achieved using either, depending on the
situation. Algae thrive in a wide range of environments, but they are most commonly
found in freshwater, marine or terrestrial habitats. Moreover, algae have evolved to live
in harsher habitats such as environments with high salinity, extreme temperatures and
limited resources. For example, Verdigellas genus have been found at depths between 60 m
and 120 m, and Dunaliella salina which can live in very high salinity waters [87].

Algae can be divided into two distinct groups: macro and microalgae. Macroalgae or
multicellular algae consist of many cells, have an asexual reproduction structure and can
grow up to 60m in length, as in the case of kelp [87]. Microalgae range in size from a
couple of micrometres to a few hundred micrometres for the biggest of the species, with
most microalga species being unicellular.

Microalgae are vitally important to the aquatic food chain, as they are the primary
producer, feeding everything up to the biggest ocean mammals. Furthermore, it is esti-
mated that 70% of the world’s oxygen is produced by phytoplankton, which is essential for

ensuring the earth atmospheric balance [89].

1.4.1 Dwunaliella salina

This research focuses on the swimming behaviour of a microalgae species known as Dunaliella
salina (D. salina). D. salina are part of the Dunaliella genus, which is made up of 22 unique
species [90]. The Dunaliella genus was first reported in 1838 by Michael Felix Dunal who,
on an expedition on behalf of the Académie des Science (Paris, France), found that the red
colouration in saltern brines was not caused by chemicals or the brine shrimp, as had been
assumed, but by a unicellular bi-flagellate microalga D. salina [91]. Although later studies
suggested the majority of red colouration is caused by a red halophilic Archaea. Later,
after further research, Emaniol C. Tedorescu collated all relevant studies and formed a

formal description of the genus Dunaliella [92]. All species in the Dunaliella genus belongs
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to the Chlamydomonadales family [90]. The defining features of the genus are the lack of
rigid cell walls and their reproduction structure, which occurs by longitudinal division or
by fusion of two motile cells to form a zygote.

The Dunaliella Genus is a very diverse species which inhabit a range of diverse environ-
ments such as marine, halophilic and freshwater [91]. D. salina are part of the halophilic
group within the genus, meaning they thrive in high salt concentrations. This is due to
their ability to produce glycerol to compensate for the high salinity, in some cases as high
as b5 M NaCl [92]. Due to this fact, D. salina are usually found in salt fields around the

world.

1.4.1.1 Cell structure

Flagellum

Eye Spot
Nucleus

Chloroplast

Pyrenoid

Figure 1.2: Simplified schematic diagram of the cell structure of Dunaliella salina, with
labels indicating the main cell structures.

Dunaliella salina is a singular celled organism, its internal cell make-up is morphologi-
cally similar to the Chlamydomonas Genus. However, they are surrounded by a glycocalyx

rather than a cell wall, a mucilaginous glycoprotein coating of variable thickness. Its role
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is to act as a cellular barrier, provide some rigidity and is also key in the adhesion process
during sexual reproduction [93].

A simple diagram of the cell structure of D. salina can be viewed in Figure 1.2. Within
the cell, there is a nucleus which contains the organism’s DNA. This is surrounded by
the nuclear envelope, which controls the movement of materials in and out of the nucleus.
Towards the bottom of the cell is a simple chloroplast shaped like a cup. The main
function of the chloroplast is to help with the photosynthetic processes. In addition, it has
the secondary function of accumulating large quantities of S-carotene. Other organelles
present in the cell are the vacuoles, which have a range of functions from food storage
to containing waste and the Golgi apparatus, which sorts, packages and modifies proteins
post or pre passing through the outer membrane [90,94].

Located close to one of the alga flagellum is a structure that plays a vital role in
phototaxis, the movement towards favourable light conditions (Section 1.4.1.2.1). It is
constructed of mostly carotenoids and is called the eye-spot. The eye-spot is light sensitive
and when suitable light signals are sensed (not too dark or light) the flagellum closest (cis-
flagellum) will beat less while the further away flagellum (trans-flagellum) will increase its
beating, turning the organisms towards the desired light conditions. The opposite is also
true for unideal light conditions [95].

Dunaliella salina are one of the few algae in the world to be able to adapt to dras-
tic salinity changes. They manage this by the use of glycerol and glycerine betaine as
an intracellular osmotic metabolite. To control the levels of salinity entering the cell, D.
salina produces glycerol from starch as well as maintaining a cell membrane with a low
permeability to glycerol. Together, this allows the cell to maintain its osmotic balance,
and enzymatic activity, and thus is the reason why D. salina can live in high saline envi-
ronments. [93,96,97].

The cell shape of D. salina is not uniform and varies between each individual cell.
However, they do conform to some defining characteristic; the length of a D. salina cell

is within the range of 5 to 25um and its width from 3 to 15pum [98]. D. salina cells
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have been found to be bottom-heavy, meaning each cell’s centre of mass is offset from its
centre of buoyancy [99]. Significantly, this leads to a tendency for the algae to orientate in
the opposite direction to gravitational forces and therefore swim upwards. This is known
as gravitaxis, which is beneficial for the algae as conventionally there is more light and
nutrients closer to the surface of the water. D. salina’s cell shape depends greatly on
its stage of growth and environmental conditions and can range from ovoid, spherical,
pyriform, fusiform or ellipsoid [98]. They are capable of thriving in a number of different
environmental conditions due to its adaptability. Thus, it has a very high tolerance to fuel
oil spills when compared to other similar algae [100].

D. salina have two flagella of length between 1 and 1.5 times that of the body. They
have a diameter between 200 — 400 nm [101,102], and so can be assumed as a slender body
due to their very high aspect ratio. Each flagellum conforms to the so called 9 + 2 flagella
structure [93]. Within each flagellum is a bundle of 9 fused pairs of protein filaments called
microtuble dublets surrounding two single microtubles in the centre, as shown in Figure
1.3. This structure is known as the axoneme. Connecting the flagellum to the body is
the basal body, serving as a base and growth site for the flagellum. The outer of the
two microtuble pair is connected to the axomen by a protein called Nexin, with the other
connected to numerous motor proteins utilising ATP. Upon activation of the ATP, the
microtubles can slide along one another, generating an internal shear. This motion across
the 9 doubles creates the whip-like motion of the flagellum [24,50,93,101].

D. salina can go through either sexual or vegetative reproduction, depending on en-
vironmental conditions. Vegetative reproduction occurs by longitudinal division of the
motile cell, with the chloroplast dividing at the preprophase. This is the most common
form of reproduction for D. salina, but under favourable conditions, D. salina can also
reproduce by isogamous sexual reproduction. In this case, two cells come together and
form a cytoplasmic bridge and fuse together to form a Zygote. This zygote has a hard
outer shell and can survive in very harmful and unfavourable conditions. After a resting

stage, or when conditions are suitable, the zygote germinates and can release up to 32
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Figure 1.3: Digram of 942 flagellum structure present in D. salina’s flagellum, consisting of
peripheral ring of 9 microtubular structures and 2 central microtubules. Image reproduced
with permissions from Lindemann et al. [51].

haploid daughter cells through a tear in the cell envelope. Sexual reproduction is very
rarely observed in laboratory grown cultures, but is more common in the alga’s natural

environment [86,91,103].

1.4.1.2 Dunaliella swimming

Active motility is a desirable characteristic for D. salina as it allows it to optimize its
positions through their microhabitat, whether that be photic, chemical, gravitation or
thermal stimuli to name but a few [104, 105]. To achieve motility, D. salina has two

eukaryotic flagella that beat in a motional likened to a travelling wave at a frequency
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between 25 and 50 Hz [50,106]. This motion can be broken down into two distinct strokes:
the power stroke, during which the flagella move from the top of the stroke back to the
body and the recovery stroke, during which the flagella return to their original position
at the head of the algae. Figure 1.4 shows the differences between the two strokes, with
the power stroke extending further away from the body, perpendicular to the swimming
direction, to produce the greatest possible force. During the recovery stroke, the flagella
are distinctly closer to the body than in the power stroke [74]. Due to the nature of fluid
mechanics at the microscopic level, the power stroke produces the entirety of the forward
motion, with the recovery stroke actually propelling the cell in a rearward direction relative
to the net swimming bearing [24,107]. However, this retardation is significantly less than
the forward movement provided by the power stroke. These swimming kinematics allow
the algae to swim through a water-like medium at velocities of around 50 ums~t [106].
Backwards swimming is also possible where the flagella move in an undulatory motion,
but this is very rare [87].

The beating of the two flagella is at times not symmetric and can become asynchronous.
This is thought to be the primary driver in turning events of the swimmer, with one
flagellum beating with a greater dominance [109]. Furthermore, unsynchronised strokes
can lead the algae to rotate in an anti-clockwise direction around their longitudinal path,
tracing a helical path at 1 — 2Hz [50,87,95]. A schematic of this type of motion can be

visualised in Figure 1.5.
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Figure 1.4: Diagram of an approximate beat cycle of a puller algae such as D. salina.
The beat is split into two distinct strokes, the first, a power stroke (1-7) during which
the flagella extend downwards in a wide arc, followed by the recovery stroke (8-11) during
which the flagella return to its original position close to the head. In the power stroke, the
body moves forwards, and recovery rearwards, relative to the overall direction of travel.
Image reproduced with permissions from Weibel et al. [108].
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Figure 1.5: Schematic of longitudinal rotation exhibited on occasion in puller swimmers.
Image reproduced with permissions from Barsanti et al. [87].
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1.4.1.2.1 Taxis When the alga’s movement occurs in response to an external stimulus,
the resultant movement is called a taxis effect. Common taxis effects that are experienced

by Dunaliella salina include [50,74,110,111]:

Phototaxis

— Swimming directed motion based on the response to light (either too much or

too little)

Chemotaxis

— Swimming directed motion based on the presence of chemicals (e.g. spermato-

zoa’s movement towards an egg during fertilization [112])

Gravitaxis

— Swimming directed motion based on the response to gravity (as D. salina is

bottom heavy, they tend to orientate themselves in an upwards direction)

Gyrotaxis

— Swimming directed motion based on a combination of gravitational and viscous
torques. This tends to lead the algae to orientate themselves around regions of

downwelling in a fluid [113,114]

1.4.1.3 D. salina vs C. reinhardtii

Throughout this work, comparison will be drawn between Dunaliella salina, which is used
in this work, and Chlamydomonas reinhardtii, which is often used for motility analysis and
is seen as the model microscopic puller algae swimmer. Morphologically, the two algae are
very similar, with similar dimensions and stroke gaits. However, there are subtle difference

between the two that should be accounted for [50].
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D. salina and C. reinhardtii are both members of the same family of alga species.
Therefore biologically, they are closely related and share many similar traits. Morpho-
logically the two algae are almost identical. However, one noticeable difference between
the two is the absence of a cell wall in D. salina, which adds rigidity to the cell and can
influence how the body reacts to changes in environmental conditions [50].

While both have two flagella and are classed as puller type swimmers, the beating
patterns of the two swimmers are different. C. reinhardtii beats with a stroke more akin
to a breaststroke like movement with a wide power stroke followed by a tight inward
recovery stroke. The distal tip of the flagella moves with greater longitudinal and lateral
motion relative to the body through the strokes. In contrast, D. salina move their flagella
in a stroke that resembles more of a travelling bending wave that moves outwards from
the body. The distal end of the flagella moves primarily in the lateral space, with less
motion in the longitudinal direction than C. reinhardtii [50]. Furthermore, in the recovery
stroke, the flagella come closer to the cell body. D. salina tend to have relatively longer
flagella compared to body length, with flagella sometimes as large as 1.5 times their body
length, whereas C. reinhardtiis flagella are similar to their body diameter. C. reinhardtii
beat their flagella between 50 and 60 Hz [24,67], greater than D. salina, which exhibits
a beating frequency of between 25 and 50 Hz [50,106]. C. reinhardtii swims at a greater
velocity than D. salina, (approximately double) possibly as a result of the increased beating

frequency [24, 50].

1.5 Applications of microalgae

The applications of algae are widespread, with many diverse uses of different species being
discovered and utilised. The first uses of microalgae date back to the Chinese and Japanese,
who collected and used algae as a food source over 2000 years ago [11]. In the present day,
algae are used in many products and applications, with new processes and uses still being

discovered. The range of possibilities is virtually unlimited for microalgae as by changing
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cultivation conditions and by the large species diversity, a wide assortment of products can
be created. Furthermore, their high protein production by weight can lead to very high

yields and efficiencies.

1.5.1 Food and nutritional supplements

Microalgae are a very effective producer of nutritional supplements that can be used in both
human or animal feeds. Depending on the alga and its conditions they can be manipulated
to produce large quantities of carbohydrates, proteins, enzymes and fibres, as well as a
range of vitamins and other minerals. The Asian market consumes the most microalgae
products, commonly in the forms of nutritional supplement. In modern times, chlorella
and spirulina are the most dominant microalga species in the market, mainly due to their
high protein content, nutritional value and easy manipulation during growth [11,115].

One use of marine microalgae is the production of complex polyunsaturated fatty acids
(PUFA’s). Polyunsaturated fatty acids, such as omega-3 and 6, have been shown to possess
health benefits such as improved joint health, and relieving the symptoms of rheumatoid
arthritis [11,116]. Higher order plants and animals do not have the required complex
enzymes to produce complex fatty acids with greater than 18 carbons, and commonly
PUFA’s are obtained from fish and fish oils. However, safety issues have arisen recently
due to the increased toxins in fish. Furthermore, using fish oil as additives can be limited
due to the unpleasant taste, smell and poor oxidative stability. For certain applications,
fish oil is not applicable, as it is composed of a number of different mixed fatty acids that
cannot be separated easily. With these uncertainties and the unsustainable overfishing of
fish populations, algae could become a leading source of PUFA’s [117].

Another useful pigment produced by microalgae is 8-carotene, which can be converted
into vitamin A through oxidization in the liver. Moreover, it is known to have anti-
oxidising effects, which are thought to give health benefits by reducing cell damage from free

radicals [98]. Some studies have suggested health benefits of S-carotene in reducing the risk
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of developing cataracts, cancers, cardiovascular disease as well as reducing cholesterol [118].
However, research into the benefits of S-carotene in serious disease prevention have shown
mixed results and further work is still needed to confirm or deny the true health benefits of
p-carotene [119,120]. S-carotene as well as having nutritional value is also a yellow/orange
pigment that is used to enhance the colour of margarine, fresh fish and egg yolks to name
but a few [121].

Many generic foods also have some levels of S-carotene in them, including some fruits,
vegetables and fungi. However, the concentrations of S-carotene are relatively low, es-
pecially when compared with microalgae. It is possible to synthesise g-carotene from
bixin and crocetin as their structures are very similar, and the same intermediates can
be used [122]. However, synthetic [-carotene isomers composition contains only 1-cis
whereas natural S-carotene is composed of 9-cis [94]. Therefore currently, microalgae are
the leading and best commercial source of natural J-carotene [98]. Under the correct
conditions, D. salina can produce a very high (up to 14%) dry weight of carotenoids con-

centration [123,124] and is a leader in S-carotene production.

1.5.2 Cosmetics

Products produced by microalgae can also be used in the cosmetic industries. Pigments
and other components are used as cosmetic agents, such as antioxidants, thickening agents
and water-binding agents [125]. Generally, microalgae are used in face and skin products,

but can also be used in sun and hair products.

1.5.3 Glycerol production

Glycerol is used worldwide and has uses in the pharmaceutical, cosmetic, and food in-
dustries [126]. Commercially, glycerol is mainly produced from petrochemical sources.
However, as the price of petrol chemicals increase and environmental pressure intensifies,

the commercialisation of glycerol produced from microalga is becoming more viable [127].
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D. salina is a very effective producer of glycerol as it uses it as an osmotic balance,
accumulating large quantities (up to 50%) [98] which can be harvested under the correct
conditions. In these processes, after the removal of glycerol or S-carotene in the D. salina
cells, the remaining substance contains around 40% proteins [98]. The base protein is
similar to that of plants like the soybean with low cysteine, methionine and high lysine.
Thus, the remaining proteins and fatty acids, can still be used as a supplement or as a

meal on its own [128].

1.5.4 High-value molecules

A number of further products that can be harvested from microalga have been discussed.
A brief summary and description of further uses, as well as specific alga products, can be
found in Table 1.1.

As mentioned previously algae have a high diversity of different species, because of this,
many species are still fairly unexplored and unresearched. Research of new species could
lead to new novel materials generated from this natural source or refinements of current

procedures.
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Table 1.1: Common microalgae used in industrial and commercial sectors with typical

products extracted for use in these industries. Adapted with permissions from [12].

. Applicati .
Microalga Products pprcation Basin/Reactors
areas
Spirulina Phycocyanin, Health food, Open ponds,
platensis biomass cosmetics natural lakes
Health food, food .
Chlorella Biomass Suea lemzzt ’ f:e(zl Open ponds, basins,
vulgaris PP ’ glass-tube PBR
surrogates
. . Health food, food
Dunaliella Carotenoids, e 00¢, 100 Open ponds,
. supplement, feed
salina [-carotene lagoons
surrogates
. Health food
Haematococcus | Carotenoids, ea 00 . Open ponds,
luvialis astaxanthin pharmaceuticals, PBR
p feed additives
Odontella ' Pharmgceutlcals,
; Fatty acids cosmetics, Open ponds
aurita
baby food
Porohuridium Pharmaceuticals,
k4 Polysaccharides cosmetics, Tubular PBR
cruentum .
Pharmaceuticals
Isochrysis . . .
Fatty acids Animal nutrition | Open ponds
galbana
Pﬁaedactylum Lipids, fatty acids Nutritio.n, fuel Op(?n ponds,
tricornutum production basins
Lyngb Ph tical
yngoya Immune modulators arthaceutiears, Open ponds
majuscule nutrition
Spirulina Phycocyanin, Health food, Open ponds,
platensis biomass cosmetics natural lakes
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1.5.5 Biofertiliser

Certain types of microalgae can be manipulated to be used as a biofertilizer and soil
conditioners [129]. Most of the cyanobacteria group have atmospheric nitrogen-fixing ca-
pabilities. Nitrogen in soils is the second-greatest influence on plant growth after water
levels. Often cyanobacteria are used in rice cultivation, with their ability to reduce nitrogen

and generally improve soil quality a great benefit to rice farmers.

1.5.6 Bioindicators

Microalgae can be very useful in use as bioindicators when examining the ecotoxicity of
anthropogenic compounds on environments. The fluctuations in alga’s characteristics can
be analysed and used to decipher the conditions of the environment. In comparison to other
organisms that can be used for the same process, algae tend to have a greater sensitivity as
well as the ability to grow in harsher conditions. The Dunaliella Genus is one of the best
options for use as a bioindicator as it lacks a cell wall, meaning a potential barrier to the
substance is removed. It has been shown that D. salina are a good indicator of mutagenic

phenols [130].

1.5.7 Biofuels

With the overuse of fossil fuels and their effect on the climate, the need to find new energy
sources has been readily increased in the last few decades. Thus, many new technologies
have been examined to evaluate their potential. One of these that holds promise is the
growth of algae to produce biofuels. Many institutions, governments and companies have
invested into the research of this topic, with the most notable being Exxon who have placed
a significant investment into the research of algae biofuels [131,132].

The use of algae for biofuel production presents a very attractive alternative to con-
ventional biofuels, with many advantages over a more conventional crop. As microalgae

do not produce complex structures such as stems and Xylem, a greater percentage of en-
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ergy is used for lipid production, the substance that can be converted to biofuels, than
a common land plant. In actual fact, it has been reported that in the right conditions
some algae species can produce up to 70 — 80% dry mass of lipids that can be used for
biodiesel [133,134]. Moreover, the waste dry mass from the biodiesel process is in the form
of rich proteins that can be used in the food and cosmetic industries in the same methods
as mentioned previously [13,14].

Furthermore, as algae are an aquatic organism, they are not constrained to conventional
fertile farming land for growth. Therefore, these lands can be used for feed crops. In
addition, as algae growth is not reliant on fertiliser, a shift towards algae biofuels production

would reduce the amount of potentially toxic fertilizers use worldwide.

Table 1.2: Typical crop yield of conventional biofuel crops alongside the crop yield of
microalgae for production of biofuels. Table adapted from [133].

Cro Oil Yield | Land Area Percent of existing
P (L/ha) needed (Mha) | US cropping area (%)

Corn 172 1540 846
Soybean 446 594 326
Canola 1190 223 122
Jatropha 1892 140 7
Coconut 2689 99 54

Oil Palm 5950 45 24
Microalgae 30% | so7g 45 2.5

oil Biomass

Microalgae 70% | 3400 P 1.1

oil Biomass

Table 1.2 shows the differences in crop yield between conventional crops and microalgae.
It can be seen microalgae have much higher oil yield and therefore reduced cropping area.
As a photosynthesising organism, algae take up carbon dioxide through the energy gen-
eration process. Therefore, captured carbon dioxide can be recovered from conventional

power plants and used for algae growth. It has been shown that an increase in carbon
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dioxide around algae ponds can speed up growth [133].

Nevertheless, despite all the supposed reported benefits of biofuel generation through
microalgae, there are some fundamental issues still remaining before it can be economically
viable and pose a serious challenge to conventional biofuels and ultimately fossil fuels [14].
The main challenge is reducing the cost of biofuel production to a competitive level. At
the present moment, the price per barrel for algae biofuels ranges from 300-2600 US$
compared to ~ 74 US § as of 9/2021, per oil barrel [135]. Other issues that are still present
are: contamination of suspensions, oil extraction difficulties and high water usage. These
issues present huge engineering and technological challenges to improve efficiencies and
costs throughout the entire systems from biological to structural components [14]. If these
challenges can be overcome and the whole system refined to allow for a price per barrel

similar to that of oil, then algae biofuels could become the new norm throughout the world.

1.5.8 Microrobotic swimming

The development of artificial microswimmers is an area that is gaining much attention in
the last few years [136]. The idea of using a microscale robot to swim and reach areas
difficult to reach by conventional means has been around for years, with it being coined
in popular culture and films such as the “fantastic voyage”. However, now the reality of
such devices is starting to become promising, with many developments in the recent past.
The hope is that these swimmers can have applications in micromanufacturing, targeted
drug delivery and sensing applications to name a few [16,17]. The minimal invasive nature
of artificial microswimmers is especially sought after for the medical industry as it can
reduce recovery time, infection risks, drug side effects, and post-operative pain from current
procedures [18].

A number of different artificial microswimmers have been developed or conceived, with
a variety of solutions relating to motility. Generally speaking, most utilise magnetic fields

to wirelessly control and power the microstructures. However, the process of developing the
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“ideal” artificial swimmer is still in its infancy and is still needing more scientific input [15].

The first man-made microswimmer device was devised by Whitesides [137] and co-
workers, who constructed chemically powered millimetre scaled swimmers who swam at
the free surface. This was followed by, Dreyfus [138] in which a linear chain of colloidal
magnetic particles was fabricated. These chains were linked by short DNA segments and
could oscillate and rotate depending on an input of an external rotating magnet. Recently,
artificial microswimmers have focused on magnetically actuated beads and rotating helix’s
[139-142]. As well as displaying a full range of swimming motions, these swimmers have
also been shown to break through artery blockages, which could give great benefits for the
medical sector [143].

Microswimmers found in nature have been an inspiration to a number of microartificial
robot designs [144] and biomimicry as a tool can be incredibly valuable. This field is
constantly developing and attributing to finding new solutions in artificial microswimmer
development. The flagellum has been one of the most studied features when it comes to
artificial microswimmers, such as Dreyfus’s work into self-assembling magnetic beads based
on the form of a natural flagellum [138]. Further, the helical tail of a pusher microswimmer
has also been mimicked in a rigid helical tail that could be actuated to move though
fluids [58].

Furthermore, the continued evaluation and depiction of natures microswimmers is still
a key area in the development of effective and efficient motile micro/nanorobots. As well
as research in simple Newtonian fluids, it is just as vital to examine the effects of complex
fluids and flows on natural microswimmers to better understand the response to such
fluids. This research can lead to interesting and unanticipated discoveries that can help
further the state of artificial microswimmers. This is true when examining the artificial
microswimmers in the human body as many of the fluids in the body are complex in
nature exhibiting shear dependant properties or viscoelasticity, e.g. blood which is both

shear thinning and viscoelastic [22].
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1.5.9 Micromixers

As microswimmers swim through a fluid, they move the surrounding fluid, mixing it, albeit
at a very small scale. With enough biomass and time, it is feasible that swimmers could
be used as micromixers, mixing solutions without conventional stirrers. There is potential
for either natural swimmer or artificial to fulfil this role. There is some research into
microalgae and other small scale swimmers that show they can be a significant contributor

to ocean mixing and nutrient transport [145-147].

1.5.10 Smart materials

A further use of microscopic swimmer could lead to the development of controllable smart
materials. Materials that possess novel properties that can be controlled by outside input
could process of great us in many industries. An example may be controlled rheologi-
cal properties by the alignment or cell structure of microscopic swimmers, with external
commands directing their movement. This may be desirable in drilling fluids where it is

desirable for large changes in fluid rheology dependent on the situation [148].
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Literature review

2.1 Chapter overview

In this chapter, the most relevant literature in the subjects related to this work are dis-
cussed. Initially, a general overview of swimming in complex fluids followed by specific
insight into works conducted on swimmers in Newtonian viscous, shear thinning and vis-
coelastic fluids are conducted. Finally, an overview of work focused on wall interactions is

concluded, giving the reader the background knowledge into related works.

2.2 Literature overview

The ability for microscopic swimmers to navigate through fluids possessing complex rhe-
ology has much relevance in both the natural world, and in the development of artificial
microswimmers [16, 143]. Interest in the effects of complex fluids on natural swimming
organisms dates back to the 1970s, when bacteria were examined under fluids of different
viscosities [149]. Recently, with the enhancement of microscopy and velocimetry experi-
mental techniques, together with great advances in computational techniques and computer
power, there has been an increased interest in the dynamics under such conditions. Re-

search has primarily focused on a few model species such as spermatozoa, E. coli and C.
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reinhardtii [8,19,24,27,34,35]. Despite the various advances and increased interest in the
topic, the picture of microscopic swimming in complex fluids is still very much incomplete.
Across the range of different swimming types and locomotion, no single model can describe
every organism’s reaction to complex fluids, and it has been shown both experimentally and
theoretically that swimmers can be affected very differently by complex fluids depending
on the swimmer’s shape, swimming gait and fluid properties [72].

In the following sections, recent advances in the understanding of swimming in New-
tonian and complex fluids is summarised, primarily focussing on the effects of viscosity,

shear thinning properties and viscoelastic fluid properties.

2.3 Swimming in viscous fluids

The viscosity of a swimmer’s medium has far-reaching effects on a swimmer’s motility. The
flagella provide a propulsive force as a result of drag based thrust to move the swimmer
forward, and the drag on the body is primarily related to the viscous drag imposed by
the fluid [77]. Swimmers in nature are motile is a wide range of fluids that can posses
very different viscosities, from water to highly viscous muds and mucuses [10, 21, 150].
Furthermore, swimmers can experience viscous changes, which are often controlled by
temperature [151]. An understanding of how a swimmer interacts with viscosity gives
an important insight into the swimmer’s gait and information on the individual stroke
dynamics. Further, it provides a key input and comparison for analysis in more complex
fluids.

Swimmers in solutions of different viscosity have shown varied responses to increases in
the medium viscosity, with contradictory results seen across different swimmers [30,35,149,
152-155]. One of the earliest works into varying fluid rheology on swimming dynamics was
carried out by Schneider and Deoetch in 1974 in which a range of motile bacteria species in
solutions of varying viscosities were investigated [149]. They found all the species examined

showed an increase in swimming velocity in more viscous fluids. With further increases
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in viscosity, the velocity increase would reach a local maximum and thereafter decreased.
This dynamic was unexpected due to the increases in drag forces related to the increases in
viscosities. The study attributed the velocity increase to the conformation of the flagella
helix, affecting the efficiency of propulsion.

Further studies have also shown this velocity increase in other bacteria suspensions
[156]. In E.coli, the viscosity has been seen to affect the flagella bundling due to the
reduced rotational velocity [30,157], altering the swimming pattern from a run and tumble
to one more akin to random walk. This was seen as a possible mechanism of increased
swimming velocity, as the swimmers paths showed increased linearity.

A further explanation to this velocity increase discussed is the apparent metabolising of
viscosity enhancing polymers. In the works studying this phenomenon, the polymers used
as viscosity enhancers were dialysed, removing impurities the bacteria could potentially be
feeding on [27,30]. Thereafter, the increases in velocity seen at higher viscosities ceased
to show, which suggests the bacteria were attaining extra metabolic activity from the
impurities within the polymers.

Numerical models have also been proposed based on existing theories to quantify the
velocity enhancement in bacteria species. Magariyama and Kudo produced a model, based
on the resistive force theorem [77], with the addition of two viscosities that depend on
swimmer characteristics and interactions with polymer molecules [157]. It was found that
the extra viscosity improved the propulsion efficiency, which reduced the flagella rotation
rate, providing an explanation for the increase in swimming velocities found in E. coli
[30,157]. Further to this work, Pande and Merchant [153] suggested microswimmers with
an elastic degree of freedom could exhibit varied responses depending on the ratio of the
relaxation time of the swimmer’s elastic component and the swimming stroke period.

Other pusher swimmers have also been examined in fluids of different viscosities. In
terms of human spermatozoa, dynamics such as rolling rate, waveform and trajectory have
been shown to be significantly altered by viscosity [35]. However, this did not result in

notable variations in velocity, which remained constant when comparing high and low
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viscosity solutions. C. elegans, a worm type swimmer that is commonly found in highly
viscous muds, have been found to display a monotonic decrease in velocity with increases
in viscosity in a number of studies [6,21,26,31]. The swimmer’s gait (frequency, amplitude,
and wavelength) was also found to decrease with the increases in viscosity conforming to
the rate of velocity decrease.

Puller organisms with two distinct flagella have also been studied in terms of the in-
fluences of viscosity on each flagellum. Studies of Vibrio alginolyticus, which possesses
two types of flagellum (lateral and polar) on a single cell, have shown that each flagellum
exhibits different responses to viscous influences. By removing the flagellum not under
scrutiny in turn, the researchers were able to isolate the response of each individual flag-
ellum. When swimming using purely the lateral flagellum, a speed boost was observed,
whereas swimming using the polar flagellum yielded a monotonic decrease in velocity with
increasing viscosity [158]. Prorocentrum minimum, a marine dinoflagellate with two flag-
ella which beat in distinct patterns, have been seen to follow a monotonic decrease in
velocity under the effects of increasing viscosity [155]. It was reported that the motion of
the transverse flagellum seemed to determine the velocity decrease.

As is apparent, each individual organism has its own response to viscous fluids and can
conform to different methods under the influences of viscosity. D. salina is morphologically
different to the afore noted swimmers, with the two distinct flagella unlikely to get tangled
and a larger body size. However, these effects should not be ruled out and the chemical
composition of the medium should be carefully considered. Experiments involving C.
reinhardtii have shown its swimming velocity to vary as a function of viscosity, with velocity
scaling by a decreasing power-law as the viscosity is increased. This seems to indicate the
algae are swimming at a constant thrust, such that the thrust produced by the flagella
remains constant across viscosities [24,67,107]. Therefore, indicating that the gait of the
swimmer in more viscous Newtonian fluids decreases in line with the induced viscous drag.

It should be noted that viscotaxis is a different form of transport motion that occurs as

a result of viscosity gradients across a solution [159,160]. Viscotaxis has been observed in
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a number of species in nature, such as Spiroplasma and Leptospira which have been found
to navigate positive viscosity gradients to areas of higher viscosities, where their swimming

is improved [161].

2.4 Swimming in complex fluids

Various research has been undertaken to quantify the effects of fluid shear thinning rheology
and elasticity on various species of microorganisms and other forms of microswimmers.
Experimental tests have been carried out on natural and swimmers, and macro scale-up
models [6,24,27,31,162,163]. Furthermore, theoretical and mathematical models have been
presented to gain insight into these complex effects [164-168]. Despite the recent ongoing
interest into the effects of complex fluids on microscopic swimming, many questions are
still present.

When conducting experimental investigations into the swimming kinematics of mi-
croswimmers, the majority of work focusses on live organisms, with a few using artificial
apparatus. Experiments with live microorganisms can introduce a range of challenges due
to their unpredictability and scale, but can produce results of the utmost relevance. Con-
ventional methods involve microscopy of the microorganism’s body, tracking its movement.
Recent advances include obtaining time-resolved images of the flagella using high-speed
cameras [24,31,169,170] as well as tracking the swimmer in three dimensions [171].

Analysing of artificial microswimmers in complex fluids reduces some of the uncer-
tainties and challenges that come with natural swimmers. However, due to challenges
producing an artificial microswimmers to scale, very few works concerning artificial micro-
scopic swimmers at a very small length scales are present. To overcome this, often scale-up
models are used. To approximate dynamic similarity, highly viscous fluids are used to
reducing the Reynolds number to values similar to those experienced by small scale mi-
croorganisms. Such experiments have been particularity useful in the understanding of

helical flagella [162,163], travelling waves along long elastic tails [172,173] and helping
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with the production of artificial microswimmers.

2.4.1 Effective shear rates

To compare the response of swimmers in complex fluids to Newtonian solutions, an effective
shear rate is often defined from characteristic dimensions and velocities of that particular
swimmer. This then gives an effective viscosity that can be compared across Newtonian and
non-Newtonian solutions. Across the literature, the general accepted method to define an
effective shear rate is to characterise the shear produced by the body and that produced
by the characteristic propulsion method (such as the algae flagella or body wave of C.
elegans) and take an average between the two. Calculating a shear rate for the body is
generally straight forward due to the simple body shape, often with evidence being found
for similarly shaped objects such as a falling sphere [174,175]. However, an estimation
for the appendage shear rate can often be more challenging as these features have more
complex trajectories and shapes. Some methods of this effective shear rate calculation for

different works follows:

e For C. reinhardtii [24], the body shear rate has been defined as a ratio of the average
velocity of the body and the body diameter, 45 = |Vioe|/2rp ~ 15571 where Vo,
is the average velocity through both the power and recovery stroke and rp is the
cell radius. The characteristic beat shear rate was defined as the beating frequency,
which for C. reinhardtii in its medium is fpp =~ 50 Hz. The average of the two was

taken to give an effective shear rate of 32.5s~! in the medium [24].

e For C. elegans [6] the body shear rate has been defined as 45 = Vioe/lp ~ 0.35s71
where Vj,. is the forward velocity and Ip the length of the body. C. elegans move
by producing a travelling wave and thus the appendage shear rate was defined as
Yappendage = (2fBrAw)/rB ~ 15 s~! where fgp is the beating frequency, A, ampli-

tude of the beat and rp is the diameter of the body. Again, the average of the two

38



Chapter 2. Literature review

characteristic shear rates was taken and gave an approximate average effective shear

rate of 7.7s71 [6].

e For a macro scale-up experiment using a spinning helical coil [163], the translation
and rotational shear rates of the head were estimated from, Jirans = Viee/2rp and
Arot = wpp respectively. At the tail in rotation, the shear rates altered to become
Yrot = wprp2rp/lp. A novelty in this type of experimental process was that the
frequency of the swimmer could be mechanically controlled, giving a frequency based

comparison, independent of the effective viscosity.

Assigning a characteristic shear rate is a challenging topic that is often overlooked by
cases in the literature. The outcome of a characteristic shear can be pivotal to the overall
findings of an experimental work and can change significantly the findings of the work,
especially if trying to understand whether a swimmer is more or less effective in a fluid

that displays shear thinning properties, as often is the case [6,24].

2.4.2 Swimming in shear thinning fluids

Experimental observations focussing on purely shear thinning fluids (i.e. with no elasticity)
are arguable less frequent than in viscoelastic fluids. However, from the few experimental
studies, a contradictory picture is present in terms of the effects on different swimmers.
For C. elegans [6,170], through experimental observations, it was found that there
were no significant differences between the velocities and observed kinematics between the
control (Newtonian) and shear thinning solutions. Despite this, when the flow fields were
examined, substantial differences were found for the two fluids. Structural differences were
observed in the dominant body vortex at the head and tail of the organism. The shear
thinning properties lead to an increase in circulation in these areas as well as decreasing the
average fluid velocity at the head and increasing it near the tail. However, when immersed
in a shear thinning colloidal suspension, the average velocity of the swimmer increased

compared to that in the comparable Newtonian solutions [176]. It was postulated that at
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the fast moving head, the swimmer was feeling close to the solvent viscosity, meaning that
the swimmer was effectively moving in a fluid akin to water.

Further, E. coli have been shown to swim faster in a shear thinning viscoelastic solu-
tion [27,177] than in corresponding Newtonian fluids. These works aimed at separating
the effects of the two rheological properties and while they faced challenges in this they
attributed the majority of the bacteria speed up to the shear thinning properties of the
fluid. A two viscosity model was suggested, with the head feeling higher viscosities com-
pared to the flagellum, which experienced relatively lower viscosities. Further, it has been
discussed that the bacterium flagella simply passed by the polymers, not influencing their
stretching profiles and thus feeling a viscosity akin to the solvent viscosity [27].

For a Mechanical helix immersed in a highly viscous fluids, it displayed an increase
in velocity by a factor of up to 50% in the shear thinning cases, with the largest increase
observed in a fluid with a power-law index of 0.6 [163]. It was argued that the speed increase
was due, not to changes in viscosity between the head and tail of the swimmer, but due to
confinement-like effects as a result of viscosity stratification around the swimmer.

Theoretical models of the effects of shear thinning fluids have mainly focused on small
amplitude models. Under the effects of varying viscosities dependent on shear rate, work
has sought to understand the influence on different body types and compositions [17].
Variations of Taylor’s swimming sheet and the squirmer model have all been analysed
and as with the experimental results, a varied picture is observed. Analysis of a waving
sheet under a pseudoplastic fluid have shown it is possible to either enhance or hinder the
propulsion velocity of the sheet by varying the sheet’s kinematics [164-166]. This is also
true in the squirmer model, which has shown the velocity in relation to Newtonian cases

is heavily dependent on the surface actuation [178].
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2.4.3 Swimming in viscoelastic fluids

The effects of viscoelasticity on microscopic swimmers is a further fluid property that has
been widely examined. It should be noted that many fluids in the works analysed also have
shear thinning properties and while the work primarily focuses on viscoelasticity, often a
shear thinning response can also be present.

The run and tumble motion of E. coli has been examined in detail under the effects
of complex fluids in the medium, with a marked change in the swimming dynamics re-
ported [25,27]. It has been found that polymer solutions induced changes to the swimming
patterns compared to the Newtonian cases. The polymer solutions reduced the tumbles in
the stroke, enhancing linearity of the swimming paths. The cells “wobble”, the oscillatory
change in the organism’s direction, was also found to reduce with increased in complex so-
lution concentration. Furthermore, F. coli’s velocity was found to increase with increasing
polymer concentrations despite the increase in viscosity (roughly 10 pms=! to 25 pms™1).
Through further analysis, it was shown that suppression of the tumbling was primarily as
a result of the fluid viscosity while the enhancement in swimming speed was mainly due
to fluid elasticity [25,30,177].

For C. elegans, varying the types of viscoelastic fluids has yielded different velocity
responses [31]. When a comparison was drawn between Newtonian swimming and that in
a viscoelastic fluid Carboxymethyl cellulose (CMC), velocities were almost identical up to a
defined viscosity, where after the velocities started to diverge and reduced by up to 35% in
the viscoelastic case compared to Newtonian. Xanthan gum was used as a shear thinning
control to eliminate the possibility of shear thinning properties impacting the swimmer’s
response and ensure it was purely viscoelastic effects being examined [31]. Upon analysis
of the swimmer’s bending wave speeds, it was found that the wave speeds were essentially
identical for both viscoelastic and Newtonian cases. One possible explanation posed by
the researchers was related to the extensional viscosity of viscoelastic fluids. When the

streamlines around the organism’s body were examined, they showed a distinct hyperbolic
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point close to the body, at this point the flow was purely extensional and therefore generated
elastic viscous stresses that were of greater order than Newtonian viscous stresses. Thus,
the hypothesis was that the reduction in swimming speeds was primarily down to the
sudden increase in elastic stresses in regions of high-velocity gradients, such as hyperbolic
points [31].

Following on, differences in polymer molecular weights were examined, with the tran-
sition between the semi-dilute and concentrated region analysed [26]. When the motility
of the organisms was examined, a surprising result was observed, in the semi-dilute solu-
tion the swimming velocities were relatively constant, reducing slightly with an increase
in viscosity. Unexpectedly, above the critical concentration, swimming velocities increased
by up to 65% despite the increased viscosity. As the concentration was further increased,
the swimming velocity ultimately diminished due to the organism’s finite power output. It
was argued that the kinematics of the swimming motion induced a structural anisotropy
which then led to an increase in the effective resistance coefficients Cy/Cr (where Cy and
Cr are the normal and tangential resistance coefficients) compared to the semi-dilute case,
leading to the enhancement in velocity [26]. Further work argued the an apparent slip in
the polymers close to the swimmer caused the velocity increase [179)].

For C. reinhardtii, a clear separation in swimming dynamics between Newtonian vis-
cous and viscoelastic solutions has been seen [24], with the viscoelastic case showing re-
duced swimming velocities compared to that in viscous fluids of similar viscosities (when
compared using an effective viscosity). In the Newtonian case, when the viscosity was in-
creased, the beat slowed down as would be expected, but the stroke pattern did not change.
However, in the viscoelastic case, the stroke pattern experienced a significant alteration,
and the beat frequency was found to be much higher than in comparable viscous cases.
This lead to an apparent variation in stroke velocities with the recovery stroke remain-
ing remarkable unaffected by increasing solution concentration, thus decreasing the overall
efficiency of the entire swimming stroke.

Numerical simulations of the gait taken from the experimental work interestingly
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showed that the viscoelastic gait was more effective. Further, the elastic memory effect
was found to enhance both the power and recovery stroke with larger stresses present in
the tangential direction relative to the normal swimming direction [167]. However, this did
not translate into a velocity enhancement compared to the Newtonian cases, which was
attributed to the recovery stroke gaining a large enhancement in velocity over the power
stroke and extensional thickening of the fluid by the tips of the flagella [168].

A helical screw in polymeric solutions has shown that at a De = 1 an enhancement
of swimming velocities was found of x1.15 [162]. The solutions used were Boger fluids to
reduce any influences from shear thinning or shear thickening effects. Either side of this
De peak, the velocity ratio reduced down to unity at De = 0 and De = 2. These findings
are similar to observations of a flexible filament in an Oldroyd-B fluid [180] and of a helical
filament [181] again using the Oldroyd-B model.

Utilising a macroscopic version of Taylors swimming sheet, an approximate comparison
with theoretical models has been drawn [182]. In the set-up, an elastic sheet was wrapped
in a cylinder and by propagation of transverse waves around the cylinder the sheet “swam”
in a circle. Once immersed in a Boger fluid, the sheet was found to swim quicker than the
Newtonian counterpart, contrary to theoretical models of Tayors sheet [150]. However, the
normal stress coefficients were seen to vary compared to that in the Oldroyd-B model used
in the theoretical work, and further confinements of the system were suggested as possible
explanations of the reported difference.

Janus particles, propelled by local concentration gradients, have also been used to assess
the influence of fluid elastic properties [56]. It was found that in such fluids the rotational
diffusion would increase by two orders of magnitude. An increase that could be described
by the Weissenberg number and the subsequent relaxing of the fluid microstructure sur-
rounding the particle.

To further quantify and interpret experimental results, many studies into analytical and
theoretical analysis have been undertaken. Again, a varied picture is captured. For a finite

waving sheet based on Taylor’s model [76], an increased efficiency was found. This has also
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been shown to be true for helical bodies [180,181]. On the other hand, for a small amplitude
waving sheet and cylinder, fluid elasticity has been shown to hinder motility [150,183]. One
metric that has been shown to be key in the viscoelastic fluid response is the body flexibility,

which can have significant effects on the overall outcome [184].

2.4.4 Overview

The main question often asked in terms of complex fluids, is whether the addition of com-
plex rheology will enhance or reduce the swimming velocity. Despite, the levels of work on
the subject, the overall conclusions are varied with some studies finding an increase, some a
decrease and others no changes whatsoever. This is also backed up with numerical results,
which also show a range of result depending on the conditions. The main experimental
results are presented in Table 2.1 with their respective findings. Overall, there is still a
vast quantity of work to conduct before a complete picture of the effects of complex fluid

on small length scale swimming is fully understood.
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Table 2.1: Overview of experimental results of low-Reynolds number swimming in complex
fluids. ' Fluids also displayed shear thinning properties, > A velocity enhancement was also
found but only in a singular solution.

Publication g‘g&e of sTv?/,Er? rﬁir Conclusion

B. Qin (2014) [24] Viscoelastic! C. reinhardtii Velocity reduction
X. Shen (2011) [31] Viscoelastic! C. elegans Velocity reduction
D. Gagnon (2013) [26] Viscoelastic! C. elegans Velocity enhancement
A. Patterson (2015) [25] Viscoelastic! E. coli Velocity enhancement
V. Martinez (2014) [27] Viscoelastic! E. coli No change 2

B. Liu (2011) [162] Viscoelastic | Mechanical helix | Velocity enhancement
J Gomez (2016) [56] Viscoelastic! Janus Particle | Velocity enhancement
M. Dasgupta (2013) [182] | Viscoelastic! Angular sheet | Velocity enhancement
S. Gomez (2016) [163] Shear thinning | Mechanical Helix | Velocity enhancement
D. Gagnon (2014) [6] Shear thinning C. Elegans No change

J. Park (2016) [176] Shear thinning C. Elegans Velocity enhancement

2.5 Interactions with walls

Microscopic swimmers often come into contact with walls and solid boundaries, either in
their natural environment or in processes in which they are being utilised. An important
example of wall interactions is bacteria entrapment near boundaries, which is vital in the
production of biofilms, an architectural colony of microorganisms. Depending on type and
situation, biofilms can be beneficial or harmful [39-41]. In industrial processes, the wall
interactions of microorganisms in bioreactors can lead to reduced efficiencies if there is a
build-up of organisms at the walls surface [43]. Another example of interactions with a
domain boundary is that of spermatozoa coming into contact with the walls of the female
oviduct on their passage towards egg fertilisation [36-38]. Furthermore, in the pursuit of
microbots that can be placed within a blood vessel in the human body, the method of

interaction with solid surfaces will be key to develop efficient swimmers to navigate these
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systems [185]. The complex interactions between walls and swimmers can lead to variations
in the efficiencies, and dynamics of these systems affecting cell motility greatly.

Specifically for D. salina, wall contact does not occur to a great extent in nature.
However, the industrial use of D. salina in bioreactors relies heavily on transparent and
clear walls to maintain efficiency and ensure the whole population receive sufficient light
for growth. Therefore, it is desirable for this type of swimmer not to cluster at the walls
surface in this application, and understanding such interaction may help in reducing such
clustering.

The presence of walls can have a significant impact on organisms swimming kinematics,
even at a distance away from the walls. Hydrodynamically, the velocity field around
the swimmer is different from that in bulk to satisfy the introduction of the boundary.
Furthermore, short range interactions are present close to the wall and can occur when
part of the swimmer’s flagellum or body is sufficiently close to the wall. As is the case with
most microscopic interactions, the type of interaction and outcome with the boundary can
vary widely depending on the swimmer type, type of contact, boundary morphology and
other dynamics [44,186].

As a body approaches a wall, it has been observed that the viscous drag will increase
[77]. An increased drag might lead to the assumption of reduced swimming velocities by
a boundary. However, as swimmers rely on drag based thrust, the effects can be more
complex. When Taylor’s sheet was analysed close to a boundary, depending on the wave
form, the sheet was seen to move faster, slower or at the same pace as if the boundary
was not present [77]. This reaction was due in part to the resistance coefficients (C/Cr)
being affected in different ways. While both were generally increased due to the presence
of the wall, the ratio between the two changed. For swimmers operating at a constant
power, the presence of a boundary generally leads to a decrease in swimming velocities [43]
which has been attributed to their inability to produce additional work to overcome the
increase in viscous drag, with changes in normal and tangential forces not being sufficient

to overcome increased viscous drag.
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Short range interactions have also been shown to have great importance on the reori-
entation of the cell at the wall [45]. Generally, pushers and pullers are seen to react in
distinct ways when short range interactions are present [44,45,187,188]. However, the
exact response depends greatly on the morphology of the swimmer, swimming method and
wall shape.

For pusher cells, the dynamics close to the wall tend to orientate the swimmer to become
attracted to the wall, and they tend to swim parallel to its surface. Of particular interest
is E. coli, which once at a wall surface are seen to change their swimming motion from
a straight trajectory to a trajectory of circular patterns. The presence of the boundary
induces a torque on the bacteria, resulting in the circular motion around the wall [187-189].

For puller swimmers, surface interactions tend to induce rotation of the cell such that
they bounce away from the wall [44,45]. In C. reinhardtii in particular, it has been
shown for flagellum contact to be critical in the scattering from a solid boundary, with
hydrodynamic effects only playing a secondary role. The size and length of the flagellum
have significant influence on the scattering angle and type of interaction. Furthermore,
the longitudinal body rotation has been seen to aid in puller swimmers ‘escaping’ from a

wall [186].

47



Chapter 3

Methodology

3.1 Chapter overview

In this chapter, the details of the experimental methodologies are discussed. The main
purpose of the experiments were to visualise the algae such that their swimming dynamics
could be recovered. Initially, the process of growing and storing the algae is detailed,
specifically looking at the algae medium and storage hut. Next there is a section on
the procedures used for the rheological characterisation of the medium, which is followed
by a section on the microfluidic devices used as a platform to visualise the algae with
the fabrication methods discussed. Finally, the experimental set-up is discussed with an

overview of the image analysis processes adopted to analyse the captured images.

3.2 Growth of Dunaliella salina for experimental use

From the first in-depth studies of the Dunaliella geode carried out by Teodoresco [190] and
Hamburgher [191] in 1905, the species has been used in wide-ranging scientific works [91].
It has been a valuable, adaptable species for experimental observations. From initially
examining commercial uses and determining valuable pigments [11,115,119,126,192], to

wastewater treatment [193], to defining osmoregulatory [194,195], to ascertaining biofuel
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potential [98,131,134], and as a model microscopic swimming organism [29, 43, 50] the
Dunaliella geode has been used extensively in a laboratory setting. Key to the success
of any laboratory-based work is maintaining the algae in an environment that provides
the best conditions for growth. The primary basis when constructing these settings is to
produce conditions as similar as possible to the environments the algae would often live in,
providing a growth medium that mimics the fluids found in their normal habitat and a light
source to mimic the sun. The following section describes the processes and methodology
of the algae storage, growth, disposal and general upkeep required to maintain a healthy
population.

The initial suspensions of algae were purchased from the Culture Collection of Algae
and Protozoa (CCAP) [196]. From the initial base solution, the algae were left to grow
and decanted into a new growth medium to stimulate future growth. The specific species
purchased from CCAP was Dunaliella Salina 19/18, originally from hypersaline brines in
Western Australia [197].

3.2.1 Growth medium

D. salina are a halophilic organism, and are known for their adaptability, with a foremost
trait being their ability to balance osmotic pressure through the production of glycerol
[98,194,195]. Therefore, it is feasible to cultivate them in a wide range of salty media with
the caveat of different growth rates depending on the medium properties [198]. Examples
of possible media that have been used to store and grow D. salina are Artificial Seawater
Medium, F2 Medium, Hejazi and Wijffels modified medium and modified Johnson medium
[29,124,199]. In this work, the Hejazi and Wijffels modified medium was used.

The purpose of a culture medium is to maintain normal function of the organisms
suspended within. For the medium to achieve its function, the addition of certain chemicals
is essential, each with its own specific function and benefit to the organism.

For D. salina, the medium should contain a source of inorganic carbon for the process of
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cell photosynthesis, which can be achieved by adding a glucose or sodium bicarbonate [200].
Without the proper levels of carbon within the medium, the process of photosynthesis
cannot occur or is heavily reduced, leading to limited energy production, consequently
hindering normal cell functions [201]. It is possible for carbon to be replenished from the
ambient air, but this process can be slow and unreliable within a laboratory environment.

Another key chemical for uptake by the algae is monophosphate, which is of vital im-
portance in the formation of DNA, cell energy, and cell membranes [202]. Monophosphate
can be introduced by the addition of a phosphorous source, with optimal phosphorous
concentrations typically ranging between 0.02 and 0.025g1™! (as higher concentrations
can lead to alga flocculation [203]). Further, nitrates, chlorides, sulphites, magnesium and
calcium ions are also all-important additions to maintaining proper cell function [200,204].

Trace element solutions (purchased from CCAP) is a combination of chemicals and
minerals such as zinc, cobalt, copper, molybdenum and manganese that can be added to
the medium. Although this addition is not necessarily key to organism’s survival, it is a
common addition if the medium is composed of technical grade salts, i.e. salts of lower
purity than food grade salts or seawater [98].

The pH of the medium should also be controlled depending on the specific organism

housed within, with a neutral to slightly alkaline pH often being the target [98].

3.2.1.1 The Hejazi and Wijffels modified medium

For the cultivation of D. salina in this work, the Hejazi and Wijffels modified medium
(HWMM) was used to store and grow the algae [205]. A full description of the experimental
protocol used to prepare the medium can be viewed in Appendix A. Table 3.1 summarises
the main chemicals and minerals within the HWMM and their key function for normal
algae growth.

Throughout the process, the utmost care was taken to avoid foreign bodies or other un-

wanted contaminates spoiling the medium. This was controlled by sterilising the medium,
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Table 3.1: Chemicals and their function within the Hejazi and Wijffels modified culture

medium.

Chemical composition

Function

Sodium Chloride [NaCI]

Provide halophilic environment
and uptake of Chloride ions

Sodium Nitrate [NaNOs]

Uptake of nitrate ions

Magnesium Sulphate
Heptahydrate [MgSO, TH20)]

Uptake of Magnesium and Sulphate ions

Potassium Chloride [KCI]

Uptake of Chloride ions

Calcium Chloride
Dihydrate [CaCIQ 2H20]

Uptake of Chloride ions

Sodium Bicarbonate [NaHCO3]

Inorganic carbon source

Tris-base [THAM]

Controls pH and provides nutrients [206]

Trace elements solution

Uptake of iron, zinc cobalt,
copper, molybdenum and magnesium

Boric acid [H3BOs]

Maintain normal cell function [207]

Hydrochloric acid [HCI]

Maintain pH in medium

Monosodium Phosphate [NaH POy]

Reduce precipitation issues

and all relevant materials before and after use by autoclaving at 121 °C for 30 minutes.
Once completed, the medium was stored in a fridge and disposed of after ~ 6 months to

avoid deterioration of its chemical properties.

3.2.2 Algae storage

When not in use, the algae were stored in a home-built algae hut, as seen in Figure 3.1.
Approximately 50 mL of the algae/medium algae was stored in Pyrex conical flasks without
any form of mixing as D. salina are very good swimmers and do not tend to clump, cluster
or form chains [50]. To avoid foreign contamination and unwanted substances, the flasks
were sealed with cotton wool and tin foil. This allowed the transfer of gasses through the

seal to account for atmospheric changes from photosynthesis, but provided a barrier for
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larger containments.

Figure 3.1: Wooden algae hut used to store and grow algae suspensions. The design was
such to reduce the influence of light from sources other than the growth lamps.

To provide a replacement for the natural light source of the sun, two 55 W white
florescence light bulbs were placed next to the algae hut. To control the intensity of the
light source the distance from the suspensions was adjusted to meet the required level
(between 1600 — 20001ux [2]) and the surrounding algae hut blocked any unwanted light
pollution. The correct light intensity can have wide-ranging effects on the swimmers, too
little and the algae cannot produce enough energy, and too high an intensity can stress
the algae causing them to cluster and other unwanted behaviours [208,209]. To mimic the
day /night cycle of the sun, the lights were set to a 12-hour light /dark cycle. The cultures
were maintained at room temperature.

Dunaliella salina are a relatively inert organism and pose very little danger to human
health. They are categorised as a Generally Recognised as Safe (GRAS) organism and
therefore, working with the algae required few additional safety measures in this regard in

addition to standard experimental good practice [210,211].
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3.2.3 Algae upkeep

The growth of the algae is limited by resources within the medium and therefore required
periodical replenishment. To ensure continual growth in the suspensions and to reduce the
number of dead cells, the suspensions were replenished on a bi-weekly basis. Replenishment
involved adding a small (5mL) volume of a 4-week-old suspension to 50 mL of the fresh
medium inside a new conical flask. To avoid contaminates the flasks were cleaned and
autoclaved before the process was carried out. The full experimental procedure is discussed
in detail in Appendix B.

Algae used in the experimental work were taken from suspensions in between weeks
2 and 4 of their growth. This had three main benefits: firstly, the “ages” of the algae
remained fairly constant and gave a good spread of the algae population, secondly, the
concentration of the suspensions was reasonably uniform, reducing complex alga-alga in-
teractions expected in highly concentrated suspensions and finally, it reduced the number
of unwanted dead cells in the system.

Disposal of the algae and growth medium was carried out by the in-house waste disposal
services within the university. As the algae are classified as GRAS no specific disposal
measures had to be taken in this regard. However, due to the chemicals within the medium
and organic materials, the suspensions had to be disposed of according to the appropriate
safety procedures. To ensure the algae were dead before disposal, they were placed in a
dark cupboard for 2 months after use. Further, the suspensions were autoclaved before

being handed over to chemical waste services.

3.3 Rheology of modified media

3.3.1 Rheology fundamentals

In this work, defining the rheological properties of the fluids the algae were immersed in was

key in ascertaining the swimming response to individual fluid dynamics. The principles
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of both shear and extensional rheology were drawn upon. A brief description of these
rheological fundamentals follow, preceded by a detailed description of the experimental

approaches.

3.3.1.1 Shear rheology

Shear rheology works under the principle (in the simplest terms) of the relationship between
force and deformation. With the addition of the conformation of the fluid, the relationship
develops to the relation between stress and strain. Stress, the tensile force per unit area
acting on the cross-sectional area of a material. Strain, the tensile deformation of the

specimen which can be thought of as the fractional change in length.
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Figure 3.2: Schematic of simple shear flow with stationary bottom plate and top plate
moving at a constant velocity (Viop), assuming zero wall slip, the fluid in-between at a
height h experiences a simple shearing flow.

For a fluid placed between two parallel plates, with a stationary bottom plate and top

plate moving with a constant velocity as in Figure 3.2 [212] (often described as simple
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shear), and assuming zero slip at the walls, the stress is defined as the force per area to

maintain the constant velocity of the upper plate

F

where F'is the force and a the area. o, is the stress, with the subscript yz indicating the
stress is a shear stress.

In terms of shear rate, for a fluid under simple shear as just descried will continually
deform under the applied shear stress. Therefore, the shear rate is defined as the rate of

change of velocity between two layers of fluids

y= L (3.2)

where * is the shear rate, Vr the velocity of the fluid and h the gap between the upper
and lower plates.
For a rheometer with a certain gap (h) the velocity at the stationary plate can be

assumed to conform to no slip conditions and thus V@ = Opms~!.

As the velocity is
linearly dependent on the position across the gap due to laminar steady shear, the shear
rate is considered constant across the gap, and thus for the system described in Figure 3.2
can be described as ¥ = %. Where V,, is the velocity of the top plate.

Equations 3.2 and 3.1 can be combined to generate the constitutive model for Newto-
nian fluids, the basis for all classical fluid mechanics [213,214]

Oya = n% =y (3.3)

where 7 is the shear viscosity.

Viscosity, in its simplest term, is a measure of a fluid’s resistance to flow. At a molecular
level, changes in viscosity are as a result of interactions between different molecules within

the fluid. The viscosity determines the energy required to move a fluid.
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In the examples above, the case is related to a simple shear in a single plane. However, as
materials respond differently to different types of stresses in 3 dimensions, tensor notation
must be added [214-216]. Thus, the constitutive equation of an incompressible Newtonian

fluid is as follows

(3.4)

Q>

I
3
=2

where the ~accent notates a tensor.

To define the state of stresses within a material, a 3-dimensional stress tensor is used
representing both the force and areas magnitude and direction. A graphical representation
of the stress tensor can be viewed in Figure 3.3. With the subscripts referring to the face

or plane and direction of the force respectively.
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Figure 3.3: Directional stress acting on an infinitesimal cube. Image adapted with permis-
sions from Macosko et al. [214].
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Ozz Ozy Ogxz
0= |0y Oy Oys (3.5)

Ozx Ozy Ozz
For a simple shearing fluid, Figure 3.2 shows a stress in the x plane relating to a stress
in the yx component of the tensor, generating a shear deformation. However, the pair of
stresses are unbalanced, and a net torque is present in the system. To balance the torque,
a second stress must be added in the xy component of the tensor with an equal magnitude.

Thus, giving the stress tensor of a simple Newtonian fluid

0 oz O
6= oy 0 0 (3.6)
0 0 O

This is an acceptable representation of a Newtonian fluid. However, complex fluids
such as viscoelastic fluids can generate normal stresses and therefore, the most common

stress tensor for simple shear is

0 0 0.,

where the normal forces are represented by the stress in the diagonal coordinates.

3.3.1.2 Rotational rheometers

To examine and define the shear rheological properties of fluids, different methods such
as capillary and microfluidic rheometers can be used. However, the most common type
of rheometer used to perform these measurements are rotational rheometers which use
different geometries to rotate the fluid and read its response. Common geometries include,

parallel plates, cone and plate, concentric cylinders or vane geometries [214]. In this
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work, two geometries were utilised, the parallel plates and the cone and plate. For these
geometries, the fluid is placed between two plates and depending on the rheometer type
one or both of the plates will impose a deformation or stress to the fluid, reading the
opposing value (stress or deformation) to define the fluid’s properties. Thus, the two types
of rotational rheometers are named stress or strain controlled.

Stress controlled rheometers combine an actuator and transducer on the same shaft,
imposing a defined stress onto the sample and reading the changes in deformation. On the
other hand, a strain-controlled rheometer will have the motor and transducer on separate
shafts, imposing a defined strain and measuring the normal force of the fluid [213]. The
main differences between the two types of rheometers are seen in Table 3.2 with a schematic

diagram in Figure 3.4.

Table 3.2: Primary differences in stress and strain controlled rheometers. 3 Temperature
control often difficult due to multiple rotating shafts

Controlled strain
Rheometer

Controlled stress
Rheometer

Actuator and transducer
on separate shafts

Actuator and transducer

Design on single shaft

Sample influence Affects motor control No influence on motor control

Transducer range

Friction and Inertia e
and sensitivity

Limitation

Short time response | Limited Relatively good
N 1 St o .
orma ress Limited Relatively accurate
measurement
Cost Relatively less expensive | Relatively more expensive

Temperature control

Relatively easy

Difficult?
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Strain Measurement

Motor

Stress-Controlled

Figure 3.4: Schematic diagram of stress-controlled and strain-controlled rheometers.
Stress-controlled consists of a transducer and actuator on a single shaft, while in strain-

controlled, these are separate.

3.3.1.3 Extensional rheology

An extensional flow is defined as a fluid that is stretched or squeezed. Pure extensional flow
is shear free flow with zero terms in the off-diagonal components of the stress tensor i.e.
with stresses acting only in the perpendicular direction (also called the normal stresses).
There are three types of pure extensional flow, uniaxial elongation, planar elongation and
biaxial extensional flow as seen in Figure 3.5 [214].

Primarily this work will focus on uniaxial elongation as it is the method used by the

measuring apparatus. In simple uniaxial extension, the strain tensors are represented as

follows
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2¢ 0 0
y=10 —¢ 0 (3.8)
0 0 -—¢

where € is the strain rate. Measuring the properties of elongational flow can be challenging
due to the very rapid and large deformations within a fluid element. Different methods
can be used to achieve and characterise extensional flow depending on the nature of fluid.
Examples include an extensional viscosity fixture or filament stretching rheometers [217,
218]. However, both these systems require medium to high viscosity samples. In this work,
the solutions were examined with a capillary break up extensional rheometer, a device
that monitors the break-up dynamics of a fluid filament under the effects of capillary
action. This technique gives information on the relaxation spectrum of the fluid, giving an

associated relaxation time.

(a) (b)

(c)

Figure 3.5: Schematic representation of the three different types of extensional flow: (a)
Uniaxial, (b) biaxial and (c) planar elongation extensional flow (Equation 3.8 only valid
for (a)) . Image reproduced with permissions from Ahmed et al. [219].

3.3.1.4 Complex rheology

Across the diverse complex fluid spectrum, there are many complex rheological phenomena
with examples including: viscoelasticity, shear thinning, shear normal stress and exten-

sional thickening. These phenomena are described as complex rheological properties, as
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they exhibit time-dependent or non-linear features (Non-Newtonian).

Simple rheological fluids (Newtonian), such as water or air, are comprised of small
molecules that do not easily deform or rotate and imposing a flow onto these fluids does
not move the fluid away from an equilibrium configuration. At least not at measurable
time scales. The complex fluid rheology shown by Non-Newtonian fluids arises from their
complex molecular and microscale structure. These molecular structures can deform, ro-
tate and break causing non-linearity and time-dependent responses. This work involved
experiments with shear thinning (inelastic) fluids and viscoelastic fluids, in addition to

Newtonian fluids at different viscosities.

3.3.1.4.1 Generalised Newtonian fluids Generalised Newtonian fluids show a shear
rate dependent viscosity, a viscosity that varies depending on the imposed shear rate on
the fluid [216]. Furthermore, generalised fluids show time independence in deformation,

with the constitutive equation being written as

o=n(¥)y (3.9)

There are two different types of simple generalised fluids, shear thinning and shear
thickening, depending on their response to an imposed stress. A fluid is described as shear
thinning when its viscosity decreases with imposed shear stress, also known as pseudo-
plastic. Many complex fluids show shear thinning properties such as polymer solutions
with polymer chains lining up with the direction of an imposed flow, reducing viscosity.
For shear thickening, the viscosity increases with imposed shear stress, also known as di-
latants. Generally, this behaviour is found in suspensions. Common models for describing
generalised Newtonian fluids are the power-law model and the Carreau-Yasuda model.

Descriptions of these models can be found in Appendix C.

3.3.1.4.2 Viscoelastic fluids A fluid that is described as viscoelastic behaves both

like a solid and viscous liquid. The definition of how ”viscoelastic” a fluid is, is a measure
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of how close to an elastic solid a fluid behaves [216,220,221]. An elastic solid behaves as
if it has a perfect memory and through a deformation process will return to its original
shape once the force is removed. Whereas Newtonian viscous fluids, have no memory and
when any force is removed will retain their conditions at the time the force is removed.
Therefore, a viscoelastic fluid cannot be described by a simple shear stress and shear rate
relationship. For an incompressible elastic solid, the stress is proportional to the strain,
whereas in a Newtonian fluid the stress is proportional to the strain rate. Therefore, for a
simple viscoelastic fluid, the constitutive law must encompass both these principles. The

time evolution is represented by a relaxation character of the fluid stresses.

3.3.2 Medium modifying agents

To alter the properties of the medium to be able to study the effect of specific rheological
characteristics on the algae swimming behaviour, small quantities of various agents were

dissolved within the medium to create solutions with the desired characteristics.

3.3.2.1 Ficoll PM400

Ficoll PM400 (Figure 3.6) is a high molecular weight (Mw ~ 400000) sucrose polymer and
was used as a viscosifier, increasing the viscosity of the solution while keeping the solution
Newtonian. The highly branched molecules and high content of hydroxyl groups makes it
highly soluble in aqueous media (up to 50% w/w) [222].
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= —n

Figure 3.6: Ficoll chemical structure. Image reproduced with permissions from Sankara-
narayanan et al. [223].

3.3.2.2 Glycerol

Glycerol (Figure 3.7), is a commonly used viscosifier. It forms a simple polyol compound
and comes as a viscous liquid [126,224,225]. In this work, it was utilised only in a restricted

number of experiments as an alternative to Ficoll PM400 (Appendix E).

H H

H
1|
T
OH OH OH

Figure 3.7: Glycerol chemical structure. Image reproduced with permissions from Lazar
et al. [226].

3.3.2.3 Xanthan Gum

Xanthan Gum (XG) (Figure 3.8) is a long-chain heteropolysaccharide which once dissolved
gives a solution of highly shear thinning properties. It possesses an insensitivity to salt, pH
and temperature variations [227-229]. In the food industry, Xanthan gum is often used as
a thickener as its high shear thinning properties are extremely useful for fluids contained

in bottles or that must be held in place on food substances, but easily squeezed out or
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swallowed e.g. ketchup and salad dressings [230,231]. At low concentrations, Xanthan
Gum shows no viscoelastic properties, which allows the effects of shear thinning on the

swimmer to be analysed separately from the effects of viscoelasticity [6,229,232].

CH,0H CH,OH

where M* is Na*, K* or % Ca?*

Figure 3.8: Xanthan Gum chemical structure. Image reproduced with permissions from
Quinten et al. [233].

3.3.2.4 Polyacrylamide

Polyacrylamide (Poly(acrylamide/sodium acrylate) [70:30] PAA) was used to introduce
viscoelastic properties for the swimmer to navigate in (Figure 3.9). Chemically, PAA is
formed from a free radical polymerization reaction of the monomer acrylamide [234-236].
A high molecular weight polymer (18 million) was used to enhance the elastic properties

of the medium. PAA is a granular medium that can be dissolved into water under mixing.
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Figure 3.9: Polyacrylamide chemical structure. Image reproduced with permissions from
Worsfold et al. [237].

3.3.2.5 Preparation of solutions with modifying agents

The preparation of the solutions involved dissolving the required agents within the medium
through a simple magnetic mixing process. To avoid damage from the magnetic stirrer to
the alga cells, the chemical agents were not added directly into the algae suspensions.
Instead, a solution with the rheological agents added to the original medium (HWMM)
without algae was created initially and then mixed with the algae suspensions. This
solution was prepared using double the desired concentration of the modifying agent which
was then added to the alga mixture at a ratio of 1 : 1 attaining the desired rheological
properties without damaging the algae.

All concentrations were calculated in a weight by weight (w/w) percentage using an
OHAUS analytical scale (OHAUSTM). To ensure there was no substantial damage to the
polymers and that all solutions were created under the same conditions, the solutions were
mixed at low mixing speeds (7T5RPM) over an extended period of ~ 24 hours [238,239].

Mixing of the algae suspension and solution with added rheological agent was performed
by rotating and/or inverting the fluid container periodically until the suspension was ho-
mogeneous. In addition, prior to each experiment, mixing by this method was carried out
to mitigate any settling effects.

Fluids were stored in plastic containers in a fridge held at 5°C. This was to reduce the
effects of degradation from excess and changes in heat and light sources. Solutions over
2 months in age were disposed of and replaced to stop the effects of degradation altering

the rheological properties [240]. Additionally, rheological characterisation of the solutions
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were undertaken regularly before experiments to guarantee consistency across the fluids.

3.3.3 Experimental shear rheology

In this work, fluid characterisation under shear was conducted using the discovery hy-
brid rheometer 2 (DHR-2) produced by TA instruments, a stress-controlled rheometer.
A schematic of the rheometer can be seen in Figure 3.10, with a description of the key

components following:

e Drag-cup motor

— A brushless motor and light cup on the driving shaft used to drive the shaft.

Magnetic thrust bearing

— Provides stiff “frictionless” axial support of the drive shaft.

Radial Air bearings

— Provides stiffness and support in the radial direction.

Optical encoder

— Determines the angular displacement and the velocity, i.e. shear, rate with high

resolutions

Normal force transducer

— Highly sensitive load cell for normal force calculation
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Figure 3.10: DHR-2 Rotational rheometer
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3.3.3.1 Rheometer geometries

As mentioned, the two geometries used through this work were the parallel plate and cone
and plate. Parallel plates geometries consist of two parallel plates, with one in rotation.
Whereas the cone and plate geometry, as the name suggests, consists of a cone at a constant
angle and one parallel plate. A schematic diagram of the two geometries can be seen in
Figure 3.11. The advantage of the cone is it produces a constant shear across the diameter
of the plate, which is not possible in a parallel plate, where a correction procedure must
be applied to overcome the error. These plates come in a variety of diameters with the
general convention of the larger the diameter, the better sensitivity due to the increased
surface area. Depending on the of type of geometry, the calculations of the shear rate,
shear stress and consequently the shear viscosity change as shown in Table 3.3, where the
symbols definitions are w is the angular velocity, O, is the angle between cone and plate,
M is the torque and r is the radius of the plate. For the parallel plates, the correction
factor is the bracketed terms in Table 3.3 [213]

Cone and Plate Parallel Plate

Figure 3.11: Schematic of cone and plate and parallel plate geometries with fluid sample
in place. Labels denote relevant variables of importance for each.
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Table 3.3: Defining variable equations for different plate types.

‘ Cone & Plate ‘

Parallel plate

ear stress o= o3 T oard34 o 4d In yr
Shear rate Y= - Tr = W
., " h
3MO 20M 3 dIn M
Shear viscosit =20 |, 2oyt y SN0
ear viscosity [ w—— N YR T (4 i 4d1n "yr)

3.3.3.2 Rheometer limits

All rheometers have sensitivity limits, with manufacturers specifying a minimum and max-
imum torque value dependent on the machine’s sensitivity and range. Upper limitations
can also be related to the onset of inertial instabilities and sample loss. Shear rate limits
can be calculated and depend on the minimum torque values given by instrument manu-
facturers, geometry type and radius and viscosity of the sample [28,242]. For the cone and

plate, the minimum measurable viscosity is defined as

3M,
=— 1
" 2myr3 (3.10)
and for the parallel plate as
2h M,
= 3.11
n=-——1 (3.11)

where M,, is the minimum measurable torque of the rheometer, which for the DHR2 in
steady shear was 5nNm [241].

It is often conventional to consider the minimum calculations with a factor of uncer-
tainty as experimental set-up, sample loading and rheometer deterioration (dust on encoder
etc.) can add uncertainties [28].

The maximum measurable torque of the system used was defined as 200 mN m [241].
However, before reaching this limit it is likely that inertial instabilities will set in, in partic-

ular for low viscosity solutions used. The onset of inertial instabilities can be approximated
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using the following equations for the two geometries used

for the cone and plate and

@2 7,2
n= ol Cé’p (3.12)
wph?
n= % (3.13)

for parallel plate geometry. When reporting viscosity measurements both limits will be

added to the graphs as can be seen in Figure 3.12 as an example.
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Figure 3.12: Example of rheometer limits displayed on shear viscosity graph. Lower limit is
represented by the purple line and upper limit referring to the onset of inertial instabilities
by the grey line. Red points show discarded data as it falls below the lower limit.
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3.3.3.3 Experimental processes DHR-2

The steady shear viscosity dependence on the shear rate was measured for all fluids used
in the work. The flow curves were obtained by imposing an incremental step of shear rate
(controlled by stress) over time. The resultant deformation was then recorded and shear
viscosity calculated. To accept the result at that specific step, a process called steady state
sensing was used which ensured the fluid had reached steady state before a measurement
was taken i.e. the result would have to remain within 5% of the previous measurement
for 30 s for 3 consecutive iterations. The resultant measurements could then be plotted
as a flow curve showing how the shear viscosity varied with shear rate as in Figure 3.12,
for the Newtonian medium. The measurements of the medium properties were conducted
using a 60 mm diameter cone and plate geometry with an angle of 1°. Given the size of the
algae particles within the suspensions, a parallel plate geometry of diameter 40 mm was
used with an appropriate gap separation (400 pm), for exploratory measurements with the
algae suspensions. Three repeats of each fluid were carried out using a new sample each
time, all tests were conducted at 20 °C, and a solvent trap was used to reduce the effects
of evaporation.

The rheological uncertainty was defined as a combination of the percentage error across
repeat experiments, an approximate rheometer reading error (1%) and a mixing uncertainty
which was related to slight variation in weights from the desired quantities. (Rheology error
(%) = repeat error (%) + rheometer uncertainty (1%)+mixing uncertainty (%)) Due to
the sensitivity of the rheometer and analytical scales used for the weighing of solutions,

the rheological error was relatively low.

3.3.4 Experimental extensional rheology

In this work, a capillary break up extensional rheometer (CaBER, HAAKE™) was used to
characterise the viscoelastic fluid response under uniaxial extension. The CaBER, consists

of two smooth coaxial disks, a motor to provide fast axial step strain to the sample and a
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laser to measure the diameter of the formed filament.

(b)

Plate

Lg Dia (D)

Liquid
Bridge

\ Plate/

-« » - »
r r

Figure 3.13: Representation of the CaBER with the plates in the initial position (a) and
final position (b) showing a cylindrical filament in the central region typical of a viscoelastic
fluid. The diameter of the filament over time is measured using a laser micrometre, from
which the maximum relaxation time can be calculated.

The sample is placed between the two plates, forming a liquid bridge as shown in
Figure 3.13 (a). The plates are subsequently separated over a short space of time to a
prescribed distance (Figure 3.13 (b)) by the step strain motor. This forms an unstable
hourglass shaped filament between plates in a viscoelastic fluid. This filament undergoes a
self-driven uniaxial extensional flow in which the capillary forces are balanced by viscous
and elastic tensile stresses [243]. A typical example of a filament thinning showing the
different stages can be viewed in Figure 3.14.

In the relaxation process, the filament profile is assumed to remain spatially self-similar,
and thus the dynamics can be characterised by measuring the time evolution of the mid-
point diameter (D,,;4) measured by a laser micrometer and from this the extensional strain

rate can be calculated [243,245]
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Figure 3.14: Schematic of the different stages of capillary break up: (a) plates in their initial
position with liquid bridge (b-f) plates in final positions and capillary driven drainage (g)
break up of filament. Image reproduced with permissions from Vadillo et al. [244].

so_ 2 dDmalt) (3.14)
Dmid(t) dt
Further, the Henckly strain (ep)
L
eg ==L (3.15)
Lo

can be imposed by controlling the final (Lr) and original (L) separation between plates.
Combining the stress and strain, an apparent uniaxial extensional viscosity can be
found
Ozz — Tyy

_ TJzz — Tyy 3.16
ne g (3.16)

The ratio of the extensional viscosity to the shear viscosity is known as the Trouton

ratio, Tr

ne(€)

= 1o(7)

(3.17)

For a Newtonian fluid, the Trouton ratio is constant and equal to 3 for axisymmetric

flow i.e. the extensional viscosity is 3 times greater than shear viscosity, but for viscoelastic
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fluids the extensional viscosity can be orders of magnitude greater than the shear viscos-
ity. For a Newtonian fluid, the filament diameter decays linearly with time, while for a
viscoelastic fluid it decreases with time exponentially [243]. A simple fit of the diame-
ter evolution in the linear region of exponential thinning yields the material’s maximum

relaxation time A [213,245], corresponding to the longest relaxation for an ideal fluid.

Dmid(t) - Do(

)3e3) (3.18)

To determine the maximum relaxation time of the polymer solutions discussed in this
work, 6 mm plates were used with an initial gap between the plates of Lo = 3mm. The
final gap was varied depending on the solution used, but was typically approximately

Lr = 12mm. The resultant filament thinning was analysed, and a fitting process was

mid

undertaken over the linear viscoelastic region of in( ) vs time to define the relaxation

o
time. Ten plus stretch profiles were examined in the CaBER for each fluid, using a new

sample each time, and the average determined.

3.4 Microfluidic platforms

Within this work, to provide a controllable platform for the algae swimming and dynamics
to be observed, microchannels made of polydimethylsiloxane (PDMS) were utilised. These
channels with a width of w ~ 400 pm and depth of § ~ 84 um allowed for a controlled
environment to visualise the algae with protection from the influence of environmental
factors. Furthermore, they allowed for the algae to be observed in the fluids with no
additional agents such as surfactants needed for thin film devices. However, the use of
such channels did present issues such as the presence of walls and 3D swimming. The
channels were manufactured in-house with a procedure described in the following section.

Microfluidic devices can be controlled and modified to suit many diverse needs and

fields, and have been extensively used in biophysics, fluid dynamics, medical works and
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many more [246-248].

To create the microfluidic channels used throughout this work,

photolithography [249,250] was used to produce the mould, and soft-lithography [251-253]

was used to create the channels. This allowed for a relatively cheap, repeatable and accurate

method of producing channels that could be manufactured in-house.
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Figure 3.15: (A) SUS8 [254] (B) PDMS [255] chemical structure.
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The process of fabricating channels to be used in the experimental process followed a

number of steps, which are described as follows:

1. Design of a geometry in CAD to be reproduced onto a physical mould

2. Produce a photo mask from CAD design

3. Use photo mask to produce SU8 epoxy resin mould using photolithography

4. Fabricate PDMS block with channels imprints from mould using soft-lithography

5. Make access ports and bond PDMS to glass slide to complete channels
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Straight channels with a rectangular cross-section were used in all experiments carried
out in this work. The channels were produced from a previously developed geometry, mask
and mould and thus, these steps (1-3) were not required to be completed in this work. A
brief description will still follow for reference [256,257]. Steps 4-5 for the fabrication and
bonding of the PDMS channels were carried out as needed for the experiments. The chan-
nels were fabricated in a clean environment with forced ventilation to reduce contaminates

during the process.

3.4.1 Geometry design

The specifications of the particular geometries were designed on a conventional computer
aided design program, for example AutoCAD (Autodesk). The design defines the trans-
parent areas of the mask representing the channel dimensions and opaque sections defining
the limits and the areas around the channels. The channel geometry should encompass an
entrance and exit section where the fluid inlet and outlet can be punctured through the
final PDMS block. A set of typical straight geometry designs with different widths can be

viewed in Figure 3.16.

Figure 3.16: CAD drawing of a microfluidic mask showing geometries of microfluidic chan-
nels to be produced. The mask consists of 4 straight channels with varying widths, with
sections for inlets and outlets to be punched.

Once the design has been completed, a chrome mask can be produced where the chan-

nel regions are left transparent. The mask used in this work was manufactured by an
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outsourced company (Selba S.A. Switzerland) and can be viewed in Figure 3.17.

Figure 3.17: Transparent photo mask with various geometries. Straight geometries were
used for research conducted in this work.

As with the mask, the production of the SU8 mould was outsourced and once completed,
it was used multiple times to create the PDMS channels in house. As any defect in the
mould will be reproduced in all following channels, this stage is highly critical. In very
simplistic terms, the process commences with a silicon wafer spin-coated with a layer of SU-
8 a negative photoresist [256,257]. The depth of the layer of SU-8 relates to the eventual
desired channel height. The mould with mask placed on top is exposed to a UV light
source, allowing the regions of exposed SU-8 through the mask to cross-link and polymerise.
The non-cured resin is then removed using a SU8 developer, leaving the portions of the
exposed SUS8 in the desired channel geometries. Further details with greater complexity of
the process can be found here [257]. A simplified schematic diagram is displayed in Figure

3.18 (A) and mould used in this work in Figure 3.18 (B).
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UV Light
Mask
SUS8 Resin

Silicon Wafer

Development and baking

Final mould with desired geometries

B

Figure 3.18: (A) Simplified schematic diagram of photo-lithography principle to fabricate
SU8 mould showing UV exposure through mask polymerising exposed sections of SU8 and
the final geometry (B) Final mould used to create the PDMS microchannel geometries.
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3.4.2 PDMS microchannel fabrication

Soft-lithography was utilised to create the microfluidic channels by forming PDMS onto
the mould, imprinting the channel dimensions. PDMS, arguably the most common mate-
rial for microchannel manufacture, was preferred over others as it has many advantages.
These include: its optical transparency over a large range of wavelengths, its permeabil-
ity meaning gasses can be squeezed out of the channel, its relative low cost, its chemical

inertness, and its biocompatibility [258].

a) b) c)
SU8 mould PDMS
d) e)
Bonding
02 Plasma
| |

Figure 3.19: Steps involved in PDSM channel fabrication: (a) Mould preparation and
cleaning (b) PDMS is poured onto mould (¢) PDMS is removed from mould, leaving
channels imprinted on thesurface (d) Oxygen Plasma (e) PDMS bonding to glass slide.

The process of PDMS channel fabrication from the SU-8 mould is discussed in detail

below and shown schematically in Figure 3.19.

1. Preparation
The preparation process consisted of the cleaning of both the mould (shown in Figure
3.19 (a)) and work bench surfaces to avoid any small particulates corrupting the
integrity of the final device. The mould was washed using isopropanol and dried using

compressed air, surfaces wiped with conventional surface cleaner and an aluminium
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foil ring placed around the mould to contain the polymer. The mould was then

covered and left in a clean petri dish.

2. Mixing
The PDMS was mixed with a curing agent at a ratio of 9:1 using a mixer (THINKY
ARE-250 CE) for a pre-determined period, 2000RPM for 5 minutes followed by a
deaerating phase at 1600RPM for 1 minute. After mixing, the PDMS solution was
poured into the mould (Figure 3.19 (b)).

3. Degassing
The mould with PDMS was then degassed using a desiccator and vacuum pump
to remove any air bubbles trapped within the PDMS mixture during the mixing or

pouring process.

4. Curing

The mixture was then cured in an oven for 30 minutes at a temperature of 80 °C.

5. PDMS block
After the mould and PDMS layer had cooled down, the PDMS was removed from
the mould (Figure 3.19 (c)), with the PDMS layer now having the features of the

microchannels imprinted on its lower surface.

In some instances, rather than removing the whole mould, a section of channel desired
was cut from the PDMS, leaving a vacant space around the desired channel which
could be used in future channel production. This was beneficial if only 1 geometry

was needed from the whole mould, as it saved PDMS and reduced time.

The detached section of PDMS with the desired geometries was cut into a rectangular
shape to fit onto a glass slide and inlet and outlet holes punched using a mechanical
puncher (Harris Uni-core 1 mm puncher). Care was taken to remove waste PDMS
from the punching and through the whole process to maintain cleanliness within the

microchannels.

80



Chapter 3. Methodology

6. Bonding
Prior to the bonding process, the PDMS blocks were washed with isopropanol and
dried with compressed air. Scotch tape was used to clean the surfaces and to cover
while the bonding process was prepared. The same procedure was carried out with

the glass slide the PDMS was to be bonded to.

An issue that arises when using PDMS is its low adhesion to glass [259]. To provide a
stronger bond, an oxygen plasma system was used to ’excite’ both glass and PDMS.
Oxygen plasma removes hydrocarbons from the materials surface. The resultant
exposed silanol and hydroxyl groups left on the surface of the PDMS and glass
respectively, once brought into contact with each other form a very strong Si-O-Si

covalent bond [257].

Before placing the PDMS and glass into the oxygen plasma chamber (Figure 3.19 (d)),
the plasma system process was run with an empty chamber to remove impurities.
The oxygen plasma process comprised of three alternate cycles of vacuum and oxygen
inflow. This was followed by plasma generation at a stable chamber oxygen pressure
of 0.2 mbar, The Plasma was present for a duration of 75s at 50 W with a frequency
of 40kHz. Once the plasma process was finished, the glass slide and PDMS were
brought together for the permanent bonding (Figure 3.19 (e)) and placed in the oven
at 80°C for 10 minutes to strengthen the bond and complete the procedure. Once

cooled, the channels were ready to be used.

The sealed channels were stored in covered Petri dishes with scotch tape covering
the inlet and outlet holes. Channels were replaced and fabricated as needed, as

particulates would build up within the channel through continual use.

3.4.3 Channel properties

The channels used in this work were ~ 3 cm long with a rectangular cross-section of width

w ~ 400 pm and depth § ~ 84 pm, giving an aspect ratio of 4.76. Examples of a PDMS
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chip and the channel cross-section with dimensions are displayed in Figure 3.20 (A) and
(B) respectively. Due to slight irregularities in the mould, the channel did not represent
a true rectangular cross-section with slight deviations seen in the corners. These sections
were not considered in the analysis of the results and thus should not have a significant

bias on the results.

84.05um
399.56um

Figure 3.20: (A) Final produced PDMS channel consisting of four straight geometries.
Inlets and outlets are present at the start and end of the channel. (B) Cross-section of
channel with width and height annotated.

3.5 Experimental set-up

The generic experimental set-up is described below. It primarily describes the set-up
used to determine the swimming velocity of the algae, but the set-up is very similar in
all experimental cases with the necessary changes in camera and objectives discussed in
Section 3.6.3. An overview of the system is shown in Figure 3.21 with the main components

as follows:
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Figure 3.21: Standard experimental set-up of the experimental apparatus with labels de-
noting major components.

e Microscope stage and imaging system used to visualise specific section of the channel.
e Syringe pump used for injection of the alga cells at a controlled rate.

e PDMS channel used as a visualisation platform to monitor the algae swimming be-

haviour.

e Channel tubing used to transfer the algae from the syringe to the channel and from

channel to the waste container.
e Waste container to collect the algae after experimental use.

¢ Red filter to reduce phototaxis movement of the algae.
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3.5.1 Imaging system

In this work, an Olympus IX71 inverted microscope (Olympus-Global) was used to visualise
the swimmers in the microchannel. Using brightfield microscopy, the algae motion could
be easily visualised with videos captured to characterise their swimming behaviour. The
videos were then post-processed to extract the relevant data, as discussed in Section 3.6.
Different cameras, processes and systems were used to fulfil different requirements of each
swimming characteristic examined.

Brightfield microscopy is one of the most elementary methods for observing dark micro-
scopic specimens. It works by passing light through a condenser, through the specimen (in
the case here the swimming algae), through an objective magnifying the light and finally
to an ocular lens or camera. As the light passes through the specimen, it is absorbed by
the dense areas of the sample creating a contrast that allows an image of the sample to be
viewed [260,261]. The path the light travels through the system can be viewed in Figure
3.22.

As mentioned, D. salina are phototactic, meaning they sense and swim towards light
stimuli (Section 1.4.1.2.1). D. salina only sense certain wavelengths of light (~ 400 —
550nm) [29,262,263] and are not influenced by wavelengths corresponding to red light.
Therefore, to reduce this stimulus during experiments, a red filter was placed over the mi-
croscopic light and all external lights within the room were switched off. The filter blocked
other wavelengths of light, so the algae were only illuminated by that of a wavelength of
approximately A, = 600 nm, allowing for enough light for visualisation without introducing

phototactic biased swimming.
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Figure 3.22: Representation of the optical path taken in brightfield microscopy. The set-up
is similar to the path taken in the Olympus IX71 used throughout this work [43].

3.5.1.1 Cameras

Two different cameras were used to capture the images, depending on the specific needs of
each type of experiment. To visualise the algae swimming in the fluid for classification of the
net velocity and orientation, a CCD camera was used (CCD Olympus XM 10 monochrome
camera). The camera has a resolution of 1376 x 1032 pixels at a frame rate of FPS = 15Hz
with a large range of shutter speeds (0.1 ps to 160s). When examining beating frequencies
and stroke dynamics, a high-speed camera (Mikrotron MC1310 high speed camera) was
utilised as the conventional frame rate given by the CCD camera was not sufficient to

capture the motion of these behaviours. The Mikrotron MC1310 has a resolution of 1280 x
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1024 pixels and can employ frame rates up to F'PS = 46000 Hz, although the maximum
frame rate used in this work was F'PS = 500 Hz.

In the analysis discussed in the following chapters, data captured with the conventional
frame rate is classed as net global data and high speed camera as local data. Low frame
rate (FPS = 15Hz) videos were captured over a duration of 1 minute and for high speed
videos (F'PS = 500Hz) due to data storage capacity, were 3 seconds long or 1500 frames.

For repeatability, 10 plus videos were taken and analysed for each experimental case.

3.5.1.2 Microscope objectives

The choice of microscope objective is pivotal in proper microscopy and in producing a
suitable image to be analysed, with objectives magnifying the sample by a factor, often
a multiple of 10. Generally, microscope systems will have further magnification in the
ocular lens or adapter lens (or camera). Depending on the objective, the resolutions, field
of view (FOV) and depth of focus (DOF) will change with improved resolution coming at
the expense of a reduced FOV and DOF and vice versa [264].

The resolution is defined as the shortest distance between two points that can be
distinguished, the field of view as the area of visualisation and, the depth of focus as the
distance in the z direction between the nearest and furthest plane where an object remains
in focus [260,265].

The resolution can be calculated from [266]

Ar

E =
RES 2N Aoy,

(3.19)

where )\, is the wavelength of the light illuminating the sample and N A; is the numerical
aperture of the objective.

As for the depth of focus, it can be calculated by [267]

n ..A e.n .
5. = MriAr ri 3.20
N NAZ,.  NAgys- My (3.20)
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where n,; is the refractive index of the fluid between the microfluidic device and the
objective lens, p is the pixel size, and Mx is the magnification of the objective lens.

For the experimental processes undertaken within this work, 10X and 40X were both
utilised to take advantage of their particular resolution, DOF and FOV. For net velocity
and beat frequency calculations, where a large quantity of data was important for statistical
relevance, and resolution was less significant, the 10X objective was used. In these cases,
a high resolution was not critical as the algae were visualised as particles to be tracked by
its centroid position and as such the relevant data could be captured from lower resolution
images. However, when capturing individual stroke velocities (i.e. power and recovery
stroke), a higher resolution was required and thus the higher magnification objective used
(40X). Further, a 63X objective was used to visualise the flagella, which has a diameter of
approximately 200nm. The main characteristic of the three objectives can be viewed in
Table 3.4.

Table 3.4: Types of objectives used within this work and their respective resolutions, DOF
and FOV for Olympus camera (values will change slightly with Mikrotron).

Objective | Process ‘ Resolution (um) ‘ DOF (pm) ‘ FOV (pm) ‘

10X Net velocities 1.4 15.12 ~ 890 — 660
and beat freq

10X Ind1v1d.ual stroke 0.53 2.03 ~ 225 — 165
dynamics

63X Flagella motion 0.46 1.46 ~ 142.9 —104.8

The focal point of the system was always maintained on the mid-plane of the channel,
i.e. the half depth. To achieve this, first the system was focused on the lower wall then on
the top wall of the channel and using the micrometre scale on the focusing dial the half
distance was calculated. Despite the low depth of focus compared to channel depth (6 ~
84 pum when using the 10X objective, the tracking software could still pick up unfocused
algae. Unfortunately, this introduced disadvantages such as algae interaction with lower

and upper walls relative to the z direction were captured, as well as only the 2D projection
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of the algae 3D motion.
When capturing images with the higher magnification on an individual algae bases,
the system was focused “on the fly” as the DOF was significantly lower, and it had to be

modified for each alga.

3.5.2 Algae injection

For injection of the algae into the channels and refreshing alga through repeat experi-
ments, a syringe pump was used (Phd 22/2000 Programmable Syringe Pump, Harvard
Apparatus). While this task could have been carried out manually, the use of the syringe
pump increased control and ensured the algae were subjected to constant controllable
shear stresses. Furthermore, the maximum shear stress experienced could be managed so
it remained below a damaging threshold. This is discussed in more detail in Section 3.5.2.1.

The algae were transported to and from the PDMS channel by the means of flexible
Tygon plastic tubing with an internal diameter of 490 um. At the ends of the tubing a
metal connector was fixed, which could then be inserted into the microchannel inlets and
outlets. As well as delivering fluid to the channel, the tubing was also used to remove
the fluid and deposit it in a waste disposal container. The fluid within this container
was disposed of by the aforementioned disposal methods (Section 3.2.3) at the end of the
experimental procedure.

Once the algae suspension was injected and any prevalent air bubbles were removed,
the channel pressure was equalised. The system was then left to settle for a period of time

and once flow rate reduced to a negligible value a video of the swimmers was captured.

3.5.2.1 High stress conditions

Dunaliella salina are susceptible to damage under high shear stress conditions, with the
possibility of broken flagella, deformation or death if the stress on the swimmer is signifi-

cantly high. This can severely alter their natural dynamics, biasing the analysis. To avoid
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this, the flow rates exerted on the algae were monitored to ensure stresses were kept well
below the minimum value where signs of damage could become present.

Dimitrios et al. [268] measured the effects of shear stress on D. salina suspensions, for
the use in cultivation. These results were applied to give an estimation of shear rate that
should be avoided. It was found that above 15Pa the cells started to lose motility and
becoming immobile from the high stresses.

Throughout the experimental process, a prescribed safety factor of x10 was combined
with the onset of non-motility to ensure all procedures did not damage the algae irreversibly.
Thus, the maximum flow rate imposed by the syringe pump was 0.001 mL min~*.

To calculate this value, the maximum shear stress which would be found at the walls of
both the tubing and the channel were calculated using the following calculations. Initially
using the Hagen-Poiseuille Equation [269], the pressure drop per unit length was calculated

in the circular tubing

AP 8
= - (3.21)
lt T
and for the channel cross-section
AP 12nQ
= _ .22
{ wo3 (3.22)

where r; is the radius of the tube, [; is its length, § the channel depth, AP is the applied
pressure, () is the flow rate and 7 viscosity. For the calculation, the most viscous solution
used in the work was assumed to represent the most extreme case. This was 40 mPas for
Ficoll at 20%. Further details of the fluid rheology can be found in section 5.2.

For the circular tubing, the relevant dimensions were radius ry = 245 pm, while for the
rectangular cross-section, the dimensions were w = 400 ym and § = 84 pm.

With the maximum flow rate of Q = 1.667 x 10~ m3s™!, the shear stress for the

tubing and channel was approximated from [270]
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TtAP
pu— .2
J¢ 2lt (3 3)
and
HOIAP
s (3.24)

l

Therefore, for the most extreme case, the maximum wall shear stress the algae would
experience was found to be oy = 0.058 Pa in the circular tubing and o, = 1.42Pa in the
channel. Both cases fall well below the critical value of 15 Pa suggested by Dimitrios et
al [268] and the prescribed safety factor.

As well as in the tubing and channels, an area where high stresses can be present is
the entrance and the exit of the channel, where the metal connector makes contact with
PDMS. While no simple calculations can be made for the stress at this area through the
experimental processes, the end of the metal connector was made sure to be raised from
the base of the channel to avoid a contraction region for the flow to be accelerated in.
With this and the relative margins of errors, it is assumed that the algae were not affected

significantly by the shearing flow imposed through the experimental processes.

3.5.3 Alga to alga Interactions

Alga to alga interactions were a factor within the results that needed to be controlled, as
only individual motion was being analysed within this work. With the algae swimming in
the channel, on occasion two or more would meet and thus interrupt the swimming track.
Dilute alga suspensions were used within the channels to avoid the likelihood of cell to cell
interactions as there is sufficient displacement between cells.

Using the dimensions of the channel and relative algae number, an approximation of
the percentage of channel taken up by the algae can be found. The channels used in the

work had a width of w ~ 400 pm, a depth of § ~ 84 pm and a length of [ ~ 890 pm within
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the viewing frame of reference. This gave a channel volume of approximately 0.0299 mm?
in the field of view. Assuming an algae width of 14 pym and shape to be spherical and
with approximately 20 algae in the reference frame. The volume taken up was found to be
2.875 x 10~° mm? which translated to the algae taking up ~ 0.1% of the channel’s volume.

During the post analysis, any algae seen to interact or pass another swimmer were
not representative of natural individual swimming and therefore the tracks stopped upon

contact.

3.6 Image processing and tracking

The image analysis and tracking procedures were carried out using ImagelJ, a Java based
image processing software, and MATLAB. The aim of the image analysis post-processing
was to remove all stationary sections within the video and threshold the images so just the
algae remained as dark objects. A plugin for imageJ, wrMTrck [271,272] was then used to
track the individual swimmers and quantify their positions in time, with the output being
exported to MATLAB, where the swimming characteristics could be determined.

The video files were processed in ImageJ in an 8-bit stack format. A video stack
comprises a series of temporally related images in a single file, i.e. all images have been
acquired sequentially across different points in time. Each image within the stack is defined
as a slice or frame and must have the same size and bit-depth as other images.

The first stage of the process required a conversion factor to be applied to the image
to convert the distance from pixels to micrometers. To define the correct scaling from the
images, a precise microscopic ruler was visualised under the same experimental conditions
to calculate a scaling factor, which was input into the software. It should be noted that
the scale factor was different depending on the cameras and objectives used, and thus this
process was carried out for all camera/objective combinations.

Once scaled correctly, the images were cropped to remove the areas of the video outside

the area of interest, such as the blank spaces outside the channel walls. This would free up
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computer processing power, as the areas outside the channel need not be analysed. When
characterising individual strokes, the area was cropped around the swimming organisms
path.

Stationary objects, such as the walls, dirt on the camera lens, dead algae or other
particulates were removed using a Z projection subtraction [272]. A Z projection generates
an image from a stack containing the pixels of which intensity remains unchanged across the
entirety of the stack, giving an image of all non-moving parts. The resultant Z projection
was then subtracted from each slice within the frame individually using the image calculator

tool, leaving a video stack comprised of only moving objects (Figure 3.23).

Figure 3.23: (A) Typical image taken from XM10 Olympus camera with algae represented
by dark spots and lines respecting channel walls (B) Corresponding image after Z-projection
subtraction (removing stationary objects and leaving motile algae). The walls of the chan-
nel usually removed, have been redrawn for reference.

For the tracking software to determine the swimming algae the image must be converted
to a binary format i.e. black and white, with the swimming algae in black and rest of the
image white (Figure 3.24). A thresholding process was used to achieve this.

The threshold process employed two threshold values, an upper and lower limit. Any
pixels with an intensity between these limits were defined as the foreground and assigned
as black. The rest of the pixels falling outside the limits were assigned as the background
and white. ImageJ either allows this process to be carried out manually or automatically
(where the software examines the corresponding intensity histogram and assigns the values

for each individual image, dependent on a function defined). For the majority of images,
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an automatic process was relied upon. A common function utilised was the maximum

entropy function based on the Kapur-Sahoo-Wong Method [273].

Figure 3.24: Image having undergone threshold process converting to a binary format

Finally, a binary process to fill any holes remaining within the system was applied to the
video stack. This process took an area surrounded by black pixels from the thresholding
process and filled the vacant pixels within this area. For example, it was possible for the
thresholding to pick up the outline and not the centre of an alga, leaving a doughnut
shape. For the tracking analysis, a full spherical structure was needed, therefore this step
was completed to create the desired features.

Upon completing of the image processing procedures, videos with black circles repre-
senting the motile algae should be present (Figure 3.24 (A)). The definition between algae
and background could then be determined by the tracking software and positional data

across the image stack captured.

3.6.1 Algae tracking

Once the videos were in the correct configuration for the software to determine the swim-
mers, the videos were analysed using wrMTrck, a plugin for ImageJ. WrMTrck, developed
by Pedersen [272], is a tracking software primarily designed for worm type swimmers but
can be utilised for many other types of tracking. The plugin lets users select a variety

of variables, that can be viewed in Figure 3.25, which defines the objects the system will
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track. This includes a minimum and maximum area, maximum velocity, minimum track
length and others. This allows for other moving particulates, or other objects not removed
through the image processing set-up to be discounted from the analysis, granting the user

high levels of control.

minSize - Minimum Object Area (pixels*2). 200
maxSize - Maximum Object Area (pixels*2). [800
maxVelocity - Maximum Velocity (pixelsfframe). |10

maxAreaChange - Maximum area change (%) |30

minTrackLength - Minimum track length (frames);. |50

Figure 3.25: Example settings used within wrMTrck to track algae. Values are approximate
and varied depending on circumstance.

The = and y position of the algae and identification of the tracks were compiled on a
frame by frame basis, which were saved as a .dat file to be read and used in the next stage
of the analysis. Other outputs from the software included an overview of track numbers by
the individual algae on a threshold image giving the user a reference for the tracked algae.
Further, a still image of the paths taken by the swimmers was also generated as well as a
summary of the algae data which included data such as the average length, time in frames
and other specific statistics.

Once the videos were compiled through the wrMTrck code, it was imperative to review
the videos and remove any unwanted tracks or features that could have been tracked acci-
dentally through the software. These could include: dead algae (algae that had deceased
and become non-motile but still retained their body shape), spinning algae (algae that were
seen to spin in the same spot which could be caused by flagella damage or being stuck),
alga to alga interactions (when two or more algae crossed paths and the track jumped

between alga).
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The final positional data was then processed through a specific MATLAB code, de-
pending on the purpose and type of analysis desired. The code read the x and y positions
and calculated relevant desired values, which could then be exported for further post-
processing. For example, in a standard tracking experiment set-up the positional data
was read, and velocities, orientations and other statistical data was provided as output for
each individual alga and for the population as a whole. This data was taken further and
analysed to produce statistical data (averages, MSDs, etc) and to produce graphs such as

histograms and windroses for better interpretation of the results.

3.6.1.1 Algae tracking experimental uncertainty

Inherently within the experimental system, errors were present in the calculations of cen-
troid positions due to pixel resolution and slight underlying flow. To define this error,
an approximate non-swimming value was calculated and any alga found to be swimming
under this value were seen as non-swimmers and removed from the analysis. The point of

non motility was defined as

Non — swimming value = 5 X W rg X FPS+V; (3.25)
ap

where a, is the area of a pixel, ap the area of the alga body, rp the alga body radius
and V the underlying fluid flow velocity. This relates to the percentage change related to
5 pixels out of place per frame, plus an approximation of underlying flow that could be
present. The maximum underlying experimental flow was assumed to be 1.5 pms™! from

experimental observations and tracking tracer particles within the systems. Thus, from

1

)

Equation 3.25, for the conventional camera this produced an uncertainty of £2.76 pm s~

which was then rounded up to £3pms~!.
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3.6.2 Beat frequency calculation

The beating frequency (frequency to complete power and recovery stroke) is an important
metric in characterising puller alga’s swimming dynamics and can give specific insight into
the different effects a fluid has on the body and flagella. D. salina beat at a frequency
of 25Hz [106], greater than the frame rate of a conventional camera. Thus, a high speed
camera must be utilised to capture the beating.

To quantify the beating frequency, there are two conventional methods, one focuses on
the body and the second focuses on the flagella. Both are described in the following;:

Firstly, relating the beat frequency of the body, makes use of low Reynolds number
swimming and tracks the body of the swimmer. As the body moves forwards in the
power and backwards in the recovery stroke, relative to their overall swimming direction,
capturing this motion a frequency can be drawn.

Secondly, the flagella of the swimmer can be captured and analysed. To visualise an
individual swimmer’s flagella over a period long enough to gain experimental data, either
the algae must be held stationary (trapping) [274,275] or the swimmer must be confined
to a single plane in a thin film device [24]. Trapping methods vary, but the conventional
methods include trapping between two glass slides [276], optical tweezers [274] and using
a small pipet with negative flow to trap the body [275]. All methods have advantages and
disadvantages, and use often depends on the equipment available within a laboratory.

For the research undertaken in this work, data was primarily gathered through body
tracking, with flagella tracking utilised to define flagella characteristic lengths and provide

confirmation of the body tracking method.

3.6.2.1 Body Tracking

To track the body at the high frame rates needed to quantify the beating frequency, the
Mikrotron MC1310 camera was used with a frame rate of F'PS = 500Hz. The determi-

nation of the frame rate is significant, too low and data can be lost from the analysis and
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too high can bring in unwanted noise into the system. A frame rate of FPS = 500 Hz was
decided upon as it encompassed a ratio of 20 times that of the beating frequency defined
in the literature and in theory, each stroke should be covered by 10 frames assuming an
equal distribution in stroke dynamics.

The experimental set-up matched that of the conventional camera velocity tracking,
with the only difference being the use of a high-speed camera. Once the data had been
collected, analysed with the positions and velocities of the swimmers defined, the results
were then analysed using a Fast Fourier transform (FFT) algorithm. The FFT algorithm
converted the signal from the time domain, into a frequency domain where the dominant
frequency of the system can be identified. More details of this approach are discussed in
Section 4.2.3.3.

Utilising a higher magnification objective, the individual stroke dynamics could also be
recovered using this camera. Examples of the data that could be captured included the

body velocities, time and amplitude in each of the two strokes (power and recovery).

3.6.2.2 Flagella method

The other method mentioned is analysis of the individual flagella of the algae. This method
was used to define the characteristic length of the flagella and stroke, but not as a method
of determining the beating frequency.

To capture images of an alga’s flagella, a droplet of the algae suspension was placed on a
glass slide using a micropipette and a cover slip was placed on top. The weight of the cover
slip trapped large algae between the glass slide and cover slip, allowing for visualisation of
the flagella with phase contrast microscopy and high magnification (63X).

Phase-contrast microscopy is an optical technique that translates minuscule changes in
the phase of the light path into changes in amplitude. Flagella are clearly visible with a

sharp contrast using phase contrast, where they may not be in brightfield microscopy.
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Figure 3.26 shows a schematic of the light path through a phase contrast microscope.
The difference from conventional brightfield microscopy is the light travels through a con-
denser annulus and phase plate within the objective. Wave fronts passing through the
annulus are then diffracted in phase by structures present in the specimen, in the case here
the flagella. This light passes through the objective where a phase plate, which matches
that condenser annulus is housed. This segregates the diffracted and undiverted light, cre-
ating a contrast between specimen structures. Phase contrast is a powerful tool to enhance

the contrast of the specimen being examined [277].

........................................ image plane

tube lens
phase
plate
objective BRRRREE
A specimen
condenser

condenser
annulus

Figure 3.26: Schematic of light path of phase contrast microscopy. Condenser annulus
focuses the light on the specimen structures, which diffracts the light as it hits it. This
diffracted light is then segregated from the undeviated light in the phase plate, creating
a contrast between specimen and background. Image reproduced with permissions from
[278].
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As used here, the flagella method possessed some draw backs, hence the body method
was preferred to quantify the beating frequency of D. salina.

Analysis using the flagella method can only be carried out on an individual alga. There-
fore, to achieve statistical quantifiable data, the process must be completed numerous times,
a time intensive manual process. Further, as for the case described, the algae were trapped
using two effective walls, influencing the algae stroke. Upon investigation of the flagella in
confinement, it was apparent they went through different phases, where the flagella became
attached to the walls and either stopped moving or beat with unconventional motions. Fi-
nally, evaporation issues could occur with the set-up inducing minute flows through the
system [50].

Therefore, with the lack of statistical data available through the flagella method, it
was primarily utilised to characterise flagella stroke dimensions. This is not to say this
method is not valid for characterising beating dynamics, but with the current set-up the

issues were significant for the body method to be preferred.

3.6.3 Example tracking data

To capture the detailed components of an alga’s swimming velocities and stroke dynamics,
three different experimental set-ups were utilised. For the net swimming, a conventional
camera utilising a frame rate of F'PS = 15Hz and objective of 10X magnification. This
gave the greatest field of view and timescale to capture the largest proportion of swimming
algae. To quantify the beating frequency a higher frame rate was needed (F'PS = 500 Hz)
and in an attempt to maintain the number of algae tracked the 10X objective was utilised.
However, to capture the individual stroke positions, a higher magnification was needed to
reduce noise in the system. Thus, the 40X objective with high speed camera was used,
which allowed for the capture of the stroke dynamics but meant that only a single alga at a
time could be tracked due to the reduced field of view. The beating frequency could also be

captured using this method and was validated against the lower magnification calculations
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to ensure consistency between the two methods.

Table 3.5: Different experimental set-ups for defining full body motion of D. salina. The ap-
proximate number of data points references the number of positional data entries captured
for the full population of swimmer in that method across the full experimental processes.

. Approx. Approx.
Dcaigt%l;?p()ie Objective | FPS ﬁﬁ: no. of Alga no. of Data
Tracks Analysed | Points Analysed
Net Swimming 10X 15 | 1 min 100 15000
Beat Frequency 10X 500 3s 50 50000
Local Dynamics 40X 500 3s 10 10000

Therefore, for the full quantification of the algae cell swimming in a particular fluid,
three different experimental set-ups had to be drawn upon. These methods for capturing
the variety of stroke dynamics are detailed in Table 3.5. In general the data was captured
over one or two days with selected points repeated after at least a month of the first capture

to ensure consistency was maintained across algae samples.
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Swimming in the conventional

medium

4.1 Chapter overview

In this chapter, the swimming dynamics of D. salina in their conventional medium are
characterised. Initially, the chapter focuses on the swimming dynamics of a single organism,
swimming in the medium with no rheological additives. This introduces the statistical
methods utilised and gives an insight into the basic swimming dynamics. The analysis
focuses on the swimming of the alga captured with a conventional frame rate (FPS =
15Hz) and moves onto analysis of the beating and stroke dynamics captured with a high
speed camera (F'PS = 500Hz). Once established, the chapter undertakes this analysis on
a full population of swimmers, reporting the swimming dynamics of D. salina within its

conventional media.
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4.2 Individual alga swimming dynamics

4.2.1 Medium properties

In their natural environment, D. salina feed and rely on several nutrients and substances
to maintain proper function within the cell as discussed in Section 3.2.1. The growth
medium the algae are immersed in is designed to provide these nutrient conditions (Hejazi
and Wijffels modified culture Medium [205]). However, due to the presence of the various
chemical additives, both the density and viscosity of the medium increase slightly to that
of purified water (Table 4.1). In terms of rheology, the medium still exhibits Newtonian
behaviour as shown in Figure 4.1. The density and viscosity of the medium will vary
with the number of algae present, so will be related to the current stage of algae growth
[64,66-70]. However, these changes due to algae presence are not critical in this study, as

dilute suspensions are used, and only individual behaviour is analysed.

Table 4.1: Density and viscosity variations of the medium and purified water. The inclusion
of chemicals and salts increase both the density and viscosity slightly from the base of
purified water. All measurements taken at room temperature (20 °C).

’ Solution/Suspension | Density (kgm ) ‘ Viscosity (Pas) ‘
Purified Water 0.9982 [279] 1.0016 [279]
HWMM Medium 1041 £ 04 1.14 £0.05
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Figure 4.1: Flow curves showing the steady shear viscosity of the medium without the pres-
ence of any other agents or suspended algae. The medium displays Newtonian behaviour.
The minimum measurable torque represented by the purple dashed line is calculated from
Equation 3.10, and the onset of inertial instabilities by the grey dashed is line calculated
from Equation 3.12 with values outside these limits being discarded from the results (red
data points). The average viscosity is taken as the average of the data points lying within
rheometer limits (green points). Error bars relate to the experimental error in rheological
measurements (Section 3.3.3.3).

4.2.2 Individual net motion

For the first stage of the chapter, the analysis of a single alga moving in the medium is
conducted for illustrative purposes, introducing the statistical methodologies. The alga
highlighted in Figure 4.3 was chosen for this analysis as it provides a good illustration of
typical swimming locomotion that is representative of the full population.

For the section that follows, the different analysis methods are detailed, which are
characterised into two regimes. Initially, the net (global) motion, which describes dynamics

calculated through methods using a conventional frame rate camera (F'PS = 15Hz). In
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these calculations, the back and forth motion of the algae is not captured as the frame rate
is not sufficient. The local motion then describes the dynamics captured using increased
frame rates (FFPS = 500Hz) where the full stroke is defined and both the power and
recovery strokes are visualised.

The reference frame of the channel is displayed in Figure 4.2 with the origin (0,0) set
at the top left-hand corner, with = positive from the left to right and y positive from the

top to bottom of the channel. In all instances the channel was visualised in its mid-plane.
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Figure 4.2: Definition of swimming orientation with 0° related from left to right horizontal
motion within the channel and increasing anti-clockwise. Note, positive x is defined left to
right and y from top to bottom. Origin of the channel is noted with (0, 0).

4.2.2.1 Net track and position data

The path the singular alga in question undertook can be viewed in Figure 4.3. It starts
as it entered the viewing frame at the left of the channel and follows the alga as it swam
from left to right then upwards until it was passed by another alga (alga 24 in Figure 4.3)
which resulted in the termination of the track. The x — y positions of the alga for each
frame was captured as it swam through the channel, as discussed in Section 3.6. In total,

the track consists of 119 position co-ordinates over a time frame of roughly 8 seconds.
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The video capture rate of this analysis was 15 frames per second (F'P.S = 15Hz) in this
initial section of the analysis. From the track it can be seen that the alga possesses motility,
navigating with relative ease from the left to the right of the image frame. Although only
an individual alga was analysed at this stage, and the data was captured over a short
time frame, the swimmer does not show any form of run and tumble motion. The cell
swims in an almost fixed direction for the majority of the track with no sudden changes
of movement which would be related to the tumble stage of this prescribed swimming
type. From the limited data it would be seen that the swimmer navigates with a persistent

random walk [67,107,280].
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Figure 4.3: Still image of single algae motile in microfluidic channel. The track of alga
21 is plotted, which is analysed for characterisation of net individual motion. Inset shows
positional data of the track which is used for the analysis steps.

4.2.2.2 Net swimming velocity

The next phase of the analysis was to take the positional data captured from the experi-
mental video to calculate and process the velocity data of the swimmer. The net velocity

was calculated on a frame by frame basis by calculating the  and y velocity components
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across consecutive frames along the track. The magnitude of the two velocities was then

taken to define the alga swimming velocity

Vip = v2 . 42 (4-1)

T_in Yy_in

where vy, is the instantaneous velocity between frames. v,_in and v,_in are the components

of the alga’s instantaneous velocity in the z and y direction

_ Tkl — T

. = 4.2
v A (4.2)
and
Yi+1 — Yi
vy = (4.3)

where x; and y; are the x and y positions of the centroid of the alga in frame i and At is
the time between frames, At = 1/FPS (in this case F'PS = 15Hz).

The mean of all the instantaneous velocities across the track for a single alga was
calculated to give the average net swimming velocity

1 N-1
Vnet,ind = ﬁ Z (U'Ln)z (44)

=1
where N is the number of frames in the particular track, 119 for the individual case analysed
and Ve ing is the average velocity for the individual swimmer. For this particular alga

its swimming velocity was found to be Vit ing = 56.33 pms—!

, a relatively fast velocity in
comparison to its body size, translating to approximately 4 body lengths per second. The
distribution of the swimmer’s instantaneous velocities (v;;,) across its full track is displayed
in Figure 4.4 and describes how the velocity of the alga varies within this particular track.

It shows a distribution either side of the mean velocity, showing that the swimmer has

a variation in its velocity. Some variations will be related to the beating cycle (Section

106



Chapter 4. Swimming in the conventional medium

1.4.1.2) as the instant the position is captured relative to the point the alga is on in its

swimming stroke will impact the instantaneous velocity.

0.3
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Figure 4.4: Instantaneous velocity data (v;,) of a single swimming alga represented across a
relative frequency histogram with bins of size 10 pms~—!. Each individual point relates to a

velocity calculated between two reference frames. The mean corresponds to the calculated

mean of all instantaneous velocities for this particular track, Vies ing = 56.33 pms™1.

4.2.2.3 Swimming orientation

Further to the analysis of the swimming velocity, the preferential direction of the swimmer
can be another characteristic definition of swimming motion. This analysis was conducted
by compiling the swimming direction into a “windrose”, a method used to show any pref-
erential direction of a swimmer while also linking the velocity to the orientation. The
swimming direction was calculated from the x and y velocity components, with the angle
defined as anti-clockwise from the positive x direction in the channel.

The swimming angle was calculated following
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0 = 360 — tan " " (v, 4 > 0) & (vy.in > 0) (4.5)
Uz _in
0 = —tan "2 (v, i > 0) & (vyin < 0) (4.6)
Vz_in
6 = 180 — tan ' 2" (v, 4, < 0) (4.7)
Vz_in

where 6 is the swimming direction of the alga with the reference defined in Figure 4.2.
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Figure 4.5: Individual swimmer windrose displaying direction of travel split into orientation
bins and instantaneous swimming velocity denoted by colour relating to scale on the right.
The dashed circles indicate the percentage of track present in that specific bin in increasing
intervals of 5%. The track of this single alga moves with a mostly positive x direction with
a slight directed motion in the positive y direction as seen in Figure 4.3.

The windrose of the single alga is shown in Figure 4.5 (corresponding to velocity data
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in Figure 4.4), which shows a clear preferential direction of the alga, swimming across the
channel from left to right in the positive x direction with a degree of positive y directed
movement as seen in Figure 4.3. In this case the swimmer’s direction remains mostly con-
stant with no major turning events or other such stark deviations from its track. From this
combination of data, it can be seen the velocity of the swimmer does not alter depending

on its orientation [281].

4.2.2.4 Mean squared displacement

The mean squared displacement (MSD) is a powerful analysis tool often used in biophysics
for the determination of particle displacements over time and the nature of their motion.
For a given single particle, the ‘mean’ displacement is taken over many repeat instances
of a time interval. Calculating the MSD’s dependence on the time interval then shows the
mode of diffusion and gives an effective diffusion coefficient [282-287]. The MSD for the

cases discussed in this work was calculated from the following

MSD(1) =< (rp(t+7) — ro(t))? > (4.8)

where 7, (t) is the position of the particle at a certain time, r,(t + 7) is the position after
a time interval. The average (< >) denotes a time-average taken across values of 7 i.e. for
a track of 50 frames, the lowest value of 7 will produce 49 MSD values which are averaged
to increase reliability and thus give a single MSD for each value of 7.

Once calculated, it is possible to fit the MSD with 7 to a power-law to define crucial

information regarding the nature of the swimming dynamics observed

MSD = K,7° (4.9)

where « is the apparent diffusion exponent, a measure of the nature of the system and K, is

a generalised effective diffusion coefficient. Once calculated, the MSD can give information

109



Chapter 4. Swimming in the conventional medium

on the type of movement, that being whether the particles being analysed movement is

freely diffusive, bounded or transported [283]:

o «a = 1 a freely diffusive particle such as a particle undergoing purely Brownian motion
will exhibit a linear MSD as a function of the time interval. This motion is a pure

random walk with no preferential particle direction.

e « > 1if the plot exhibits an increasing slope, the particle is exhibiting directed active

motion. This could be an underlying flow or a swimming particle.

e « < 1 if the plot plateaus, then the motion of the object is seen to be constrained.
An example might be a particle undergoing Brownian motion constrained within a

microfluidic channel.

For a swimming alga, a MSD that increases faster than linear, e.g. o > 1, would be
expected as they are active swimmers with preferential forward motion [282].

Figure 4.6 shows the MSD data for the single swimmer as a function of the time
interval (7). It shows clear active motion with an ever-increasing upward trend of the
MSD curve as the time interval is increased, indicating active motion. The MSD curve is
fitted to Equation 4.9 with time intervals between 0s and 3.2s, which corresponds to the
ballistic region [67,288,289]. As the analysis focuses on swimming in the ballistic region,
the diffusion is controlled by the velocity squared since the direction of the swimming is
predominantly in a linear direction. This can be seen (for the case of the single swimmer)
by the effective diffusion coefficient of 2947 and exponent of 1.959. Therefore, at time
intervals of less than 3.2s, the alga’s movement is heavily active, with motion very close

to a straight directed line and thus indicative of purely ballistic behaviour.
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Figure 4.6: MSD over time interval (7) for a single swimmer. The MSD is calculated for
each time interval and time-averaged across points of equal time intervals. MSD shows
heavily active motion with the algae swimming close to a straight directed line. The insets
displays a log-log plot at lower time intervals with a power-law fit as shown by the equation
represented by the red dashed line.

4.2.2.5 Persistent random walk

The swimming motion of D. salina fits well to a persistent walk model, sometimes also
described as a correlated random walk [107]. This model is commonly assigned for micro-
scopic swimming organisms. The persistent random walk model adds a “memory” to the
conventional random walk model, where the direction of the particle is taken at random
from its previous position [290]. This “memory” term is prescribed by assigning a proba-
bility for the swimmer that each step tends to the same direction as the step previous. The
initial directed motion diminishes over time and a uniform distribution will be observed
over long time periods. The persistent random walk model is independent of the back and

forth motion of D. salina (Section 1.4.1.2) which is not represented within the model.
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At very short timescales, the swimmer will present an almost fixed direction corre-
sponding to a ballistic regime characterised by the exponent («) in the MSD time-interval
dependence being close to 2 (Equation 4.9). This regime ends when the probability of
the swimmer turning becomes significant. For a puller alga, the turning process has been
shown to be as a result of the two flagella becoming asynchronous for a short period of
time [67,107,280].

It is possible to fit the MSD of a swimmer displaying this motion to the persistent

random walk model. The persistent model consists of a persistent length /, and time ¢,

=27
2
0.502(1—e tv ) (4.10)

2T

MSD(r) =l
v

where 7 is the time interval and 7 <« t,,. These persistent characteristics are related to the
turning events of the swimmer. For the MSD below ¢, the motion tends to be mostly in a
fixed direction and above tends towards random motion (o — 1) from Equation 4.9 [67].
Unfortunately, for the analysis contacted in this work the MSD could not be fitted to
the persistent random walk model as the confinements of the channel were less than the
lengthscales needed for the model. Furthermore, the minimum track length was taken as
50 frames, meaning no data above this value was calculated for the MSD and therefore,
details of the longer lengthscale interactions lost. Thus, the majority of the analysis will

likely fall this the ballistic region of the MSD as discussed previously.
4.2.3 Individual localised motion

4.2.3.1 Local track and positional data

As mentioned in Section 1.4.1.2, the swimming motion of D. salina is not simply linear, with
the algae moving only in the anterior direction. Rather, the swimming stroke of D. salina
and other puller type flagellated swimmers is split into two idiosyncratic strokes [94, 98].

During the power stroke, the body of the swimmer moves forward and in recovery it moves
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backwards.
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Figure 4.7: An example of how D. salina achieves a positive net motion in relation to time.
Data is taken from fabricated idealised values. The velocity oscillates in time following an
approximate sin wave with a bias towards the power stage of the stroke. Translating the
velocity behaviour to the amplitude, shows the swimmer moves forward further during
the power stroke than it moves backwards during the recovery stroke, resulting in a net
positive motion.

Figure 4.7 displays a simplified theoretical representation of how a swimmer’s velocity
and amplitude varies over time. The velocity of the swimmer fluctuates over the power
and recovery strokes, which in turn moves the swimmer in the direction related to that
particular stroke. The power stroke is more effective than recovery, and thus the swimmer
moves a greater distance through the power stroke than the recovery stroke. The swimming
gait can be viewed as “two steps forward, one step back” approach [24]. For the purpose of
the analysis, the power stroke is defined as the portion of the beat cycle where the swimmer
is moving forwards and the recovery when moving rearwards relative to the overall direction

of travel. While D. salina can exhibit a slightly asynchronous beat pattern, notably during
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Figure 4.8: Localised track of an individual alga, with the start point in the bottom right
corner and finishing at the upper left. Blue circles represent the power stoke, orange the
recovery stroke and the red crosses denote the track if F'PS = 15 Hz, showing the hidden
stroke dynamics. The track is composed of 1000 frames covering 2 seconds.

a turning event (i.e. individual flagellum beat out of sync with each other), an entirety
synchronous beating pattern is assumed for this analysis.

For local analysis of the individual swimmer a different alga must be taken from the net
analysis as video capture simultaneously using both the conventional frame rate and high-
speed camera needed for the localised motion was not possible. However, all experimental
conditions were maintained, and the algae possessed similar swimming kinematics.

The track of the specific single alga analysed can be viewed in Figure 4.8. It is composed
of 1000 frames, covering 2 seconds of movement (F'P.S = 500 Hz). Compared to the motion
at the global net scale (red crosses in Figure 4.8) the track can be seen moving both forwards
and backwards, with the points representing the power stroke represented by a blue circle,
while those in the recovery, an orange circle. The track initiates from the right of the

channel moving right to left with a notable turning event at the end of the track where the
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alga starts to swim in the opposite direction.

The power and recovery strokes can also be visualised using the windrose format. Figure
4.9 comprises the velocity and orientation data from the linear section of the track where
the movement is predominantly in the z direction (x > 20pm Figure 4.8). Despite the
overall motion being in the negative x direction (90° < § < 270°) the windrose shows a
portion of the motion in the posterior direction (90° > 6 > 270°) corresponding to the
recovery stroke of the swimmer. It is clear from the graph that the swimmer spends the

majority of its time in the power stroke, with greater velocities in this phase.
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Figure 4.9: Localised windrose across a section of the track where the predominant net
directed motion of the track is in the negative = direction (see Figure 4.8). The velocity
of the swimmer is denoted by colour relating to the instantaneous velocity on the scale on
the right. Dashed circular lines correspond to relative frequency of swimming orientation,
which are displayed in bins of 20°.

4.2.3.2 Local swimming velocity

The instantaneous swimming velocities at the local scale are calculated by the same meth-

ods as described in Section 4.2.2.2 for the quantification of the net swimming velocity.
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The only variations in the calculation is the reduction in the frame time as the frame
rate of the camera is increased from FPS = 15Hz to F'PS = 500 Hz, and thus the frame
time reduces to At = 0.002s. Further, as the swimmer moves backwards and forwards, a
definition between the power and recovery strokes is required with v;, being assigned as
negative in the recovery stroke. This is defined when the swimmer is moving rearwards
relative to its overall direction of travel such that when 270 > 6, > 90, v, = vi X —1
where 0, is the swimming angle with the reference frame relative to the directed motion

of the swimmer, such that 0° is related to V,,¢; travel (green arrow in Figure 4.10).

Figure 4.10: Schematic diagram of the definition of recovery stroke, where v;, is assigned
as negative when 270 > 6, > 90.

Thus, when moving forward relative to the net directed motion, the alga was seen to
be in the power stroke and if moving in the reverse direction in the recovery stroke. The
process of calculating the net directed motion was repeated every 50 frames to account for
changes in direction of the alga.

Taking the velocity over a specific time frame produces a velocity spectrum in the time
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domain, which can be viewed in Figure 4.11 where a quasi-sinusoidal curve is presented.
When the velocities are positive (above red reference line , v;, = 0pms~!) the swimmer is

seen to be in the power stroke and when negative, in the recovery stroke.
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Figure 4.11: Instantaneous swimming velocity as a function of time of a single swimmer.
The power and recovery strokes are clearly visible with the power stroke notated by positive
velocities (above red reference line) and recovery by negative. The average velocity for the
power (blue) and recovery (yellow) strokes are notated by dashed coloured lines. The
inverse of the wave period is defined as the beating frequency.

Taking the average of the positive velocities, the average velocity across the power
stroke can be recovered and for the recovery stroke the negative velocities. For this single
swimmer, the average velocity in the power stroke was found to be Vo ing = 93.67 pm s™L.
A value much greater than the net average swimming velocity. In the recovery stroke, the

average velocity was Viecing = —b5.69 pms—!

. As expected, the recovery velocity is less
than that produced in the power stroke, resulting in a velocity ratio between the power
and recovery of 1.68.

Computing a ‘signed average’ velocity where the instantaneous velocities are averaged

as in Equation 4.4, treating the recovery stroke velocity values as negative, and conducting
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an average across the full spectrum of v;,, returns a value relative to the net velocity
calculated at lower frame rates. In the case described, this signed velocity was seen to be
Vsign_ina = 47.6 pm s~!. This velocity is similar to the net velocity, which was found to be
Vietind = 56.33um s~ ! for the analysis of a single swimmer. It should be noted that two
different algae were taken for this analysis, hence the variation in velocities.

If the magnitude (treating all values of v;;, as positive) of the instantaneous velocities
are applied to Equation 4.4 a short timescale complete velocity is found (Viye_ing). This
velocity should be much greater than the net velocity, as it essentially encompasses the
swimmer’s entire stroke. However, will be less than the power velocity as it includes the
recovery portion of the stroke. For the individual swimmer, this velocity was found to be
Viec.ind = 81.92pms™ 1.

A table of all the comprised velocities is described in Table 4.2, with the relative velocity
values for the single swimmer also included. Furthermore, a simple schematic diagram of
velocity definitions can be viewed in Figure 4.12. Other defined parameters will follow the

same subscript notation, such as the amplitude of the body moving through the stroke.

Swimming path

Figure 4.12: Simple schematic diagram of characteristic velocity definitions. With ¢y and
t; indicating the start and finish of one complete stroke.
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Table 4.2: Velocity definitions of a swimming alga for both local and global net data anal-
ysis. All definitions are in terms of individual swimmer tracked through current analysis.
However, the same definitions will be carried through to the analysis of the full population
minus ‘ind’ subscript, which in this case indicates the velocities averaged over a single
track.

Velocity Name ‘ FPS (Hz) ‘ Description ‘ Individual value ‘ Abbreviation
Instantaneous Instantancous

. N/A velocity between N/A Vin
velocity frames

Frame by frame

average velocity 56.33 pms Vhet.ind

Net velocity 15

Local velocity
Local velocity 500 encompassing 81.92pms! Vioc.ind
full path length

Local velocity
Signed velocity 500 with recovery 476 pms—! Vsign_ind
being negative

Velocity though

power stroke 93.67 pm s Vpow_ind

Power velocity 500

Velocity through

—55.69 -1 V..
recovery stroke Hms rec_ind

Recovery velocity 500

4.2.3.3 Beating frequency

For Newtonian media in the absence of inertia, the response of the body to the flagella
motion is instantaneous such that as soon as the flagella initiate a stroke the body will
follow [24]. Therefore, the back and forth motion can be related to a beating frequency
of the body and thus flagella, where the frequency refers to the swimmer completing one
power and one recovery stroke.

To extract the beating frequency from the data of instantaneous velocities with time
(as shown in Figure 4.11) a fast Fourier transform (FFT) was performed.

A fast Fourier transform is an algorithm that converts a signal from the time domain
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into frequency. It is a particularly useful tool in signal analysis and can even decompose a
signal consisting of multiple different frequency inputs.
The FFT algorithm computes the discrete signal or the discrete Fourier transform

(DFT) of the inputted signal [291,292]. The DFT is written as follows

7Z—1 —j27TKZ
z(k)=) z(z)e Z (4.11)

where Z is the size of the domain. Each value is multiplied by e to some function of
z and summed for that given z. To calculate the full DFT, the number of operations
increases with z to the order of Z2. The FFT algorithm determines the DFT of a signal
significantly faster than computing it directly, reducing the number of computations from
Z2% to N logs Z. To achieve this, a FFT process rapidly computes the DFT by factorising the
DFT matrix in a product of mostly zero factors reducing the complexity and computation
requirements of the DFT [293].

The resultant FFT signal in the frequency domain is represented in Figure 4.13. The
beat frequency was taken as the frequency at the maximum peak of the signal, thus the
beating frequency was found to be fpp_ing = 33.03 Hz, meaning that every 0.03 s the alga
completed a stroke.

It might be expected that the power and recovery strokes attribute the same proportion
of time to the full stroke. However, this is not the case, with the power stroke taking a much
greater proportion of a single beat. This can be visualised in Figure 4.11, with the period of
positive velocity for the power stroke clearly greater than negative. Quantitatively, taking
velocities in the positive direction as the power stroke and negative in recovery, for this
individual alga it spent 69.1% of the stroke in the power phase and 30.9% in the recovery,

across the data set.
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Figure 4.13: FFT frequency taken from time domain plot in Figure 4.11. The distinct
peak represents the calculated beating frequency for that particular swimmer.

4.2.3.4 Stroke amplitude

The stroke amplitude or the distance travelled through the swimming stroke is another key
defining feature. For the single swimmer it moved forward on average Ay, _ina = 1.96 pm
in the power stroke and backward Ajq, ing = 0.52 pm in the recovery.

In total, across the full dataset of 1000 frames (and 2 seconds), the swimmer swam
163.84 pm. This relates to an average stroke amplitude of Ajyeing = 2.48 pm which includes
the full proportion of the stroke (both power and recovery) relating to the localised velocity
(Vioc.ind). Whereas, if purely observing the net global motion, the net displacement per

stroke was found to be A,et ing = 1.44 pm.

4.2.3.5 Local mean square displacement

With the additional data captured at the local timescale, it is possible to apply the mean
squared displacement methods detailed in Section 4.2.2.4 and produce a localised MSD.
Figure 4.14 shows the theoretical movement of D. salina and the regions the swimmer will
go through, including the back and forth motion followed by the persistent model regime

[107,290]. Initially the first ballistic region is reached which is at very small timescales,
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Figure 4.14: Approximate model of a flagellated puller swimmer’s MSD with 7, denoting
different regions dependent on time interval. Initially, the first ballistic region is captured
relating to the instantaneous velocity. This transitions to the second ballistic region at an
interval related to the beating frequency. The second ballistic region is characterised by
the net velocity. With sufficient turning events, the swimmer will display random walk like
behaviour and if under confinement « will fall below 1 [107,290].

T < ts. In this region, the individual strokes can be defined. Due to the small timescales
the motion of the swimmer is mostly linear, hence the MSD takes the form of the power-law
with an exponent close to 2.

The first ballistic region ends as the time scales nears the inverse of the beating fre-
quency. At this value the MSD stops its sharp incline as the effects of the whole beating
stroke are encompassed by the increased time scale. An approximation of the beating
frequency can be taken from the plateau of this region.

The next region after the time interval has passed the inverse of beat frequency is the
second ballistic region, where the MSD increases rapidly again. As the time scale increases

the back and forth motion is not visible and it becomes too great to capture. This region
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and above has been defined as the net motion of the swimmer in this work. Again, this
region can be fitted to a power-law due to its ballistic nature.

After a certain time, the swimmer will likely make a turning event. This is defined
by the characteristic time. With significant turning events taking place with a sufficiently
large system, it enters a new region likened to a random walk. Here the MSD is linear and
the stochastic nature of the swimmer’s turning and tumbling is captured. If the swimmer

is in a confined container, then « will fall below 1.
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Figure 4.15: Local MSD with 7 of individual swimmer. MSD shows two distinct regimes
with transition period (pink background) in between characterised by the beating frequency
of the swimmer. Below the transition period the swimmer is characterised by local motion
(yellow background) and above the net motion of the swimmer (green background). The
white cross represents the beating frequency calculated using FFT methods and the Pink
dashed vertical line the start point of the net MSD taken as its lowest time interval based
on a frame rate of 15FPS in the global net measurements.

Figure 4.15 shows the MSD consisting of the data set of the full 500F P.S data across the
range of time intervals analysed. Compared to the net MSD, the localised MSD extends the
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data to lower time intervals with the data above a time reference of 0.067s characterising
the same data represented in the net MSD.

Fitting the two regimes to a power-law and taking their exponents as in Section 4.2.2.4
gives an effective diffusion coefficient of 2537 and exponent of 1.788 in the localised region.
The net motion fits to a coefficient of 1344 and exponent of 1.845. Thus, showing highly
ballistic motion in both the regimes analysed.

Whether this method is an appropriate method for calculating the beating frequency
is debatable. The beat frequency (calculated through FFT methods, Section 4.3.2.1) is
represented in Figure 4.15 by a white cross. Clearly it lies within the transition region,

but defining a specific point would require further understanding.

4.2.4 Conclusion

In this section, the methods of analysis have been introduced in regard to the swimming
properties of an individual swimming alga. The net swimming velocity was seen to be
Voet = 56.33ums™! with other methods such as track analysis, windroses and MSDs
all utilised to quantify the swimming dynamics. A high-speed camera was utilised to
captured the full back and forth swimming dynamics D. salina utilise to progress through
the medium they are suspended within. From this data, dynamics of the individual power
and recovery strokes and the beating frequencies were quantified and analysed. For the
individual alga it was seen to swim with a much greater velocity if the full strokes were
encompassed (Vi = 81.92pms™ 1) and the power stroke was seen to be 3.76 times more
efficient than the recovery stroke for a single stroke in terms of the displacement covered

in each stroke.

4.3 Analysis of algae population in medium

The following section focuses on the full population of the swimming algae, taking the

analysis from the preceding section and applying it to each individual swimming track.
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Thereafter, if required, the average across the population is conducted to quantify the
dynamics of D. salina. Thus giving better statistics and giving more representative data
of the swimming behaviour of the algae. Observations for this stage were undertaken with
the algae simply swimming in their medium, a water-like solution in terms of viscosity.
Dilute suspensions were considered and alga to alga interactions were removed from the
analysis so purely individual motion akin to the analysis of the previous section for a single

alga was undertaken.

4.3.1 Net motion of full population
4.3.1.1 Swimming velocity

The instantaneous swimming velocity of the algae was calculated on a frame by frame
basis across the entire populating as described in Section 4.2.2.2. The resultant set of
instantaneous velocities were then averaged as in Equation 4.4 across the full spread of
the population, where in this case N = 19363. Interacting algae and unnatural swimming
tracks were removed from this data, i.e. spinning, trapped or non-motile.

With no external influences and zero net underlying flow, an average net swimming

velocity of Vj,er = 49.55 pms ™!

was seen across a large population of algae (176 alga). This
can also be translated to approximately 4 body lengths per second. Values in the literature
range depending on the situating and definitions, but the consensus is a swimming velocity
of approximately 50 pms~! for D. salina [43,106]. Therefore, it can be said that the results
are in agreement with the literature.

The histogram of the instantaneous velocities (Figure 4.16) follows an approximate
bell curve, with the majority of swimming velocities close to the average velocity of Vjer =
49.55 ums~!, with the tails reducing to the maximum and minimum velocities. The peak
distribution of the histogram is between 55 — 57.5 pms ™!, slightly higher than the average

velocity as the histogram shows a biased weighting to swimming at the slower end relative

to the histogram peak compared to the faster.
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Figure 4.16: Swimming velocities represented as a histogram showing the spread of instan-
taneous velocities (v;y) of the entire population of swimmers active in just the medium.
The peak is slightly greater than mean velocity with velocities decreasing either side of the
peak, creating a slightly skewed bell curve. The plot consists of 19363 individual points
analysed from 176 algae tracks.

The Standard deviation for the entire population was calculated as 16.5 pms—!. This
high spread in velocities is related partly due to the time in the stroke the positional
reference is captured, along with variability in the algae physiology and characteristics
across the whole population. Further, only 2D motion was captured in the x,y plane and
motion in the z direction was not quantified.

As well as analysis of the instantaneous velocity spread (Figure 4.16) it is also helpful
to understand the difference across individual swimmers in the population. A histogram
analysis of individual algae swimming velocities (Figure 4.17) reveals similar results to
the previous analysis (Figure 4.16). Again, a peak around the average swimming velocity
is clear, with the swimmers either side following an approximate bell curve. From the

histogram, it can be seen that the swimmers generally swam with an average velocity
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Figure 4.17: Individual swimming velocity histogram, comprised of the average velocity of
each swimming alga’s track (176 tracks). The distribution follows as similar trend seen in
Figure 4.16 with a peak close to the mean value, albeit with less spread in the data as the
variations in v;, are masked by the individual swimming velocity

greater than 25pms~! and are unlikely to swim at an average velocity of higher than
80pms~!.

The average of each individual swimming algae velocity was found to be V., =
52.69 pms~!, slightly higher than the net velocity (Vpe). An individual average is ex-
pected to be higher as this calculation gives a preferential bias to algae that stay in the
frame for a shorter period. Naturally, faster swimmers will tend to swim in and out of the
frame compared to slower swimmers, hence the slightly higher velocity seen in this average.
Both methods of calculating the velocity are suitable to report.

Comparing the two different methods of analysing of the velocities, both have ad-

vantages and disadvantages and give a different insight into the nature of the swimmers.

Averaging across the full instantaneous velocities gives an average across the whole pop-
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ulation and shows a bulk spread negating any bias dependent on track length. However,
some inconsistencies within the data (frame jumps) can arise, although these are small in
the scale of data analysed and should even out over the track. This is the main method
used for reporting swimming dynamic averages throughout this work. The method of com-
paring an average of individual velocities while introducing a bias to shorter track lengths
gives extra details into the spread of velocities across the population. For the uncertainty
of the swimming velocity, the population standard deviation is used as it gives a better
representation of the spread in the swimming dynamics.
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Figure 4.18: Example of algae swimming tracks. An apparent persistent random walk
method of motility seems present on examination. Note, tracks that follow a continuous
circle and do not progress from starting point, are deleted from the analysis.

4.3.1.2 Swimming orientation

Figure 4.18 shows typical swimming paths of the D. salina in the microchannel. Quali-
tatively, observations show an apparent persistent random walk motion (section 4.2.2.5)
with swimming paths that are generally straight with no sharp ‘tumbles’ that would be
present in run and tumble motion (Section 2.4.3).

When the swimming directions of the algae are analysed in a windrose format (Figure
4.19), a general random distribution of swimming velocities is observed with no preferential
direction. Thus, it can be said there is no correlation between swimming velocity and

orientation, with a fairly uniform spread of velocities with regard to swimming angles in
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Figure 4.19: Windrose showing orientation and instantaneous velocity across population
of swimmers in the medium. The percentage values relate to the relative frequency of that
particular swimming direction and the scale to the instantaneous velocity.

the discussed analysis.
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4.3.1.3 Net mean squared displacement
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Figure 4.20: (A) Log-log representation of mean squared displacement (MSAD) as a func-
tion of the time interval of algae population in the medium. A maximum times interval of
3.2s is taken, which corresponds to the minimum frame interval of tracks. Data follows a
power-law trend comparable with ballistic active motion. The red dashed line denotes the
simple power-law fit (Equation 4.9).

The net MSD of the full population, as calculated in Section 4.2.2.4, gives further
quantitative understanding into the swimming motion of D. salina. To account for the full
variation in population, an ensemble average MSD is performed. This averages the calcu-
lated individual MSD values at the related time intervals (7) across the algae population
and thus combines them into a singled averaged plot encompassing the full proportion of
the swimming tracks.

The net MSD (Figure 4.20) shows the MSD across small time intervals in the ballistic
region of the alga’s swimming motion. To ensure continuity, the maximum time interval
was taken as 7 < 3.2s, as this was the minimum track length for data recorded. This

corresponds to 50 frames. The data fits well to a power-law (Equation 4.9) giving an
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effective diffusion coefficient of 2018 and exponent of 1.89.

4.3.2 Local motion of full population

The following section describes the local motion of the algae population, characterising
the back and forth motion and the individual power and recovery strokes. The analysis

methods used are as described in Section 4.2.3.3.

4.3.2.1 Beat frequencies

For a swimming alga with no external influences, in their medium with no added agents,
the average beating frequency was found to be fpr = 29.97 £+ 2.82Hz across all the alga
population (50 tracks/75000 frames). This frequency relates to a time per stroke of ¢4 =
33.37ms. The beating frequency of D. salina has been reported in literature as between 25
and 50 Hz [50,106], with the analysis carried out here falling within this value. However,
this value is not reported very regularly within the literature for D. salina, with limited
references stating the above range.

In some cases the frequency of D. salina is approximated to the frequency of another
model swimmer C. reinhardtii which swims with at a frequency of 50 — 60 Hz [24, 67].
Clearly it can be seen this is not a suitable assumption or association to make and the
beating frequency of D. salina is considerably reduced compared to C. reinhardtii.

A significant finding of the beating frequencies is related to the spread or standard
deviation, which is noteworthy as it is comparatively small compared to the velocity. A
histogram comparing the beat frequency spread and velocity spread can be viewed in Figure
4.21. Hence, the majority of an algae population beat at very similar frequencies, which

does not translate or relate to the overall velocity of the swimmer.
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Figure 4.21: Distribution of individual algae velocities and beating frequencies. Velocities
display a greater spread than the beating frequency, showing a dependency for the algae
to poses remarkably similar beating frequencies independent of velocity.

4.3.2.2 Stroke dynamics

The analysis of the stroke dynamics is conducted as described in Section 4.2.3.2.

Time D. salina was found to spend on average 72.02% of their time in the power
stroke, giving an average time per power stroke of t,,, = 24ms. Conversely, they spent
27.98% of their stroke in the recovery stage, with an average time per recovery stroke of
tree = 9.3ms. The stroke is weighted in a way that favours the power stroke, which is
significant for the swimmer as an increased efficiency in power over the recovery stroke is
desirable to achieve the most effective stroke and increased net motion. However, this is
not a method of breaking the time reversibility of Newtonian low Reynolds number flows
(Section 1.3.2).

Velocity As the nature of the stroke of D. salina is weighted to provide the best
forward momentum, the power stroke velocity would be expected to be much greater than
recovery. In a water-like medium, D. salina moved forward in their power stroke with

1

an average body velocity of Vo, = 97.32pms™ . In the recovery stage of the stroke,
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the average velocity was found to be Ve, = —61.04ums™! where the negative implies
movement in the posterior direction to the overall swimming direction. The ratio between

the power and recovery stroke velocity was seen to be 1.6 in favour of the power stroke.
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Figure 4.22: Velocity (vj,) histogram across power and recovery strokes, with positive
velocities relating to the power stroke and negative to recovery.

Figure 4.22 shows the velocity histogram distribution for the power and recovery
strokes. From the reference at 0pms™!, the two strokes follow a similar distribution with
a sharp increase up to a peak then a reduced tail to the extreme velocities. The relative
velocity enhancement of the power stroke compared to recovery is clear, with the swimmer
moving significantly faster overall through the power stroke for a much greater length of
time. The standard deviations for power and recovery stroke was seen to be +57.9 pum s~
and 4+43.02pms~! and for the overall localised data, +-86.69 pms~!.

Taking purely the net velocity of the swimmer, the average was found to be Vet =
49.55 pms~!. However, if both portions of the stroke are examined together, the aver-

1

age swimming velocity was found to be Vi, = 87.2pms™". Thus, these swimmers cover
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significantly more distance than it might appear when using conventional methods.

Comparing the local signed velocity to the net velocity measured at a conventional
frame rate outputs only slight variations between the two methods. The net velocity using
the conventional camera was found to be Vj,o; = 49.55pms™! and signed velocity with
high frame rate camera V;g, = 52.7 pm s~L. It should be noted that these values are taken
from different algae populations, but the similarities between these values give backing to
the localised velocity methods.

Amplitude The body amplitude represents the distance travelled in each portion of
the alga’s beat cycle. The same definition and subscripts as velocities are utilised for the
amplitudes with velocity definitions defined in Section 4.2. As with all other calculations in
this section, the values are taken across the whole population and thus may vary depending
on individual algae. In the power stroke D. salina where found to move forward on average
Apow = 2.34um and rearwards A,.. = —0.57 pm in recovery giving a resultant net gain of
Aper = 1.77nm per stroke. As with the other analysis, the power stroke is dominant in
relation to the recovery stroke. For an average stroke the swimmer moves 4.1 times further
in the power than the recovery stroke, a credit to the effectiveness of their swimming stroke.

Summary A summary table of the relevant beating parameters of D. salina in the
medium can be seen in Table 4.3.

Table 4.3: Swimming characterises (time, velocity, amplitude) of D. salina swimming in
the medium, calculated by different descriptors descriptor in Table 4.2

M Time (ms) | Velocity (nms~!) | Amplitude (um)
Net 33 49.55 1.77
Signed N/A 52.70 N/A
Local N/A 87.20 291
Power 24 97.32 2.34
Recovery 9.3 —61.04 —0.57

134



Chapter 4. Swimming in the conventional medium

4.3.2.3 Local mean squared displacement
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Figure 4.23: Local MSD across population of algae in the medium. Two regimes rep-
resented by yellow and green power-law fit with transition region related to the beating
frequency. The red cross corresponds to the beating frequency calculated in Section 4.3.2.1.

The localised MSD again shows the two regimes discussed in Section 4.2.3.5, with the
beating frequency the defining feature of the transition region. The fit of the two regimes
shows ballistic behaviour is present in both regions. The red cross shows the beating
frequency as found in Section 4.3.2.1 and appears to be towards the upper end of the

transition period.

4.3.3 Viscous body drag

The nature of low-Reynolds number swimming simplifies drag calculations for the body. As
inertia effects are not present, all forces can be assumed to be instantaneous and diminish
instantaneously. Further, the only forces acting on the body of the swimmer are the drag

based thrust provided by the flagella, buoyant force (sometimes known as Archimedes
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force), gravitational force and viscous drag of the body. The body of the swimmers is
too large to be affected significantly by Brownian motion [294]. Both buoyancy force and
gravitational force can be cancelled out and assumed negligible, as shown below:

The buoyant force is defined as

Fb :prBg (412)

where p; is the density of the fluid medium and Vg the volume of the body. Given the
equivalent diameter of the cell is 14 pm, the resultant buoyant force is ~ 1.4 pN which is
equivalent to the weight of the cell (~ 1.5 pN [295]). Therefore, these cancel and thus, the
swimmer is seen as essentially neutrally buoyant.

As aresult, the two relevant forces acting on the body of the swimmer are the propulsion
caused by the drag of the flagella as they move through the stroke and opposing this, the
viscous drag of the body (force dipole). These force act in the opposite directions and
reverse during the stroke stages (power and recovery).

If a spherical body is assumed, the viscous drag can be calculated using

Fp = 6mnrpViec (413)

where 7 is the viscosity of the suspension media, rp is the equivalent radius taken from the
average of the minor axis of the algae and Vj,. is the average local velocity of each alga.
The velocity is taken as the average velocity inclusive of the power and recovery and thus
the drag is calculated in terms of the full stroke.

For the swimmer in their water-based medium, an estimated viscous body drag was
calculated to be Fp = 12.7+£1.26 pN. The individual strokes display viscous drag forces of
FB pow = 14.1£1.26 pN and Fp . = 8.86 £ 1.4pN for power and recovery strokes respec-
tively. The differences in the velocity of the power and recovery strokes is the reasoning

behind the variation in viscous body drag between strokes.

136



Chapter 4. Swimming in the conventional medium

As D. salina can be modelled as a force dipole, it is possible to assume the viscous drag
force will be equal and opposite to the propulsion force generated by the two flagella. For
C. reinhardtii the propulsion force has been measured as 23 + 5 pN using force sensors and
trapping methods [275]. The method of calculation for this value is much more accurate
than utilised in this work, but it can still be related. The variation between swimmers is
likely a result of the increased velocity C. reinhardtii swim with, which is a result of their

high beat frequency and different stroke dynamics.

4.3.4 Conclusion

The swimming dynamics of a population of D. salina in a water-based medium has been
analysed in this section. Numerous methods were utilised to characterise both the net
swimming dynamics and individual stroke dynamics. The average velocity of D. salina

1 a value in concert with the literature. D. salina was

was found to be V,,e; = 49.55 pms™
found to beat at a frequency of fpr = 29.97 Hz substantially less than the morphologically
similar C. reinhardtii. To achieve its forward motion, the power stroke of D. salina must
have a greater efficiency than the recovery stroke. This value was calculated to be 4.1 times

with the amplitude through the power stroke greater than recovery by this multiplication,

which is a result of an enhanced stroke pattern in the power stroke.
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Swimming in viscous fluids

5.1 Chapter overview

The following chapter details the effects of viscosity on the swimming behaviour of D.
salina. The same processes as descried for the population in the medium (Section 4.3) was
carried out across the spectrum of viscosity ranges measured (0.0014 — 0.04 Pas). For each
viscosity concentration, the quantity of the data captured follows the approximate values
described in Table 3.5. For some concentrations only the net swimming data was captured.
Further to using Ficoll as a viscosifying agent, glycerol was used to increase the medium
viscosity. However, this was found to influence the osmotic pressure within the algae and

render the algae non-motile. A summary of these results can be found in Appendix E.

5.2 Viscosity modifying agent

The viscosifying agent used to enhance the viscosity of the medium was Ficoll PM400
(Sigma-Aldrich), a non-toxic, non-ionic, sucrose polymer that is known to increase vis-
cosity without substantial density change or effects on organism behaviour aside from the
swimming changes due to viscosity [24,151,152]. Ficoll maintains the mediums Newto-

nian properties independent of the concentration. It was provided in a dry powder and
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was combined with the aqueous medium and slowly mixed to create the desired solution
concentration as described in Section 3.3.2.5. As Ficoll is extremely hydrophilic, solutions
of high concentrations could be produced, up to 50% [222]. The maximum concentration

used in this work was 40% which was diluted down to 20% for the experimentations.
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Figure 5.1: Flow curves showing the steady shear viscosity of Ficoll solutions used to vary
the medium viscosity. All solutions show Newtonian behaviour, and an increase in viscosity
is observed as concentration increases. Legend refers to Ficoll concentration percentage.
The minimum measurable torque represented by the purple dashed line is calculated from
Equation 3.10.

Rheological characterisation of the Ficoll solutions were conducted as described in Sec-
tion 3.3.3.3 for a range of concentrations up to a maximum of 20%. Figure 5.1 shows
the steady shear viscosity data for the modified media for Ficoll concentrations, with Fig-
ure 5.2 showing the average viscosity against the concentration. The viscosity ranged from
0.0014 Pas in the medium with no addition of Ficoll to 0.04 Pas for 20% Ficoll, with the in-
crease of viscosity with concentration clearly non-linear. All fluids used in the experiments

reported in this chapter exhibited a Newtonian behaviour.
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Figure 5.2: Average Ficoll viscosities taken across a range of steady state shear rate values
plotted against the Ficoll concentration of the solution. The viscosity increases with a
non-linear trend.

5.3 Reduced nutrient swimming

By the addition of Ficoll and other rheologically active agents, the concentrations of salts
and other nutrients in the medium would naturally be reduced. For example, introducing
20% Ficoll to the medium reduces the nutrients and salts available to the algae by this
percentage. To ensure any changes in swimming dynamics were primarily as a result of the
mediums rheological properties and not as an effect of changes to the mediums additives,
validation experiments were carried out. While the effects of salts and nutrients of the
medium has been extensively researched [96,198,296] in regard to the growth of an algae
culture, the effects this has on the swimming dynamics is unknown to our knowledge,
especially for D. salina .

To provide insight into these effects, a new medium was prepared with de-ionised water

used to reduce nutrient concentrations to a value that would be experienced at the greatest
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concentration examined (Ficoll 20%). With the algae suspended in the reduced medium,
the standard experimental procedures for velocity and beat frequency were conducted. For
the effects of the changes in the medium nutrients to be negligible or not affect the algae,
the final results should have matched or been similar to that of the medium.

Under the conditions of a reduced medium, D. salina swam with a velocity of 48.67 pms~*
and exhibited a beating frequency of 31.64 Hz. Both of the captured dynamics were within
the error for algae swimming within the medium with full nutrients. Thus, it was felt that
the effects of different fluid nutrient levels did not have a large notable influence on the
swimming dynamics of D. salina in the short time of the experiential window. If larger

length scales were examined the reduced nutrients may eventually have a clearer effect on

the algae, but for the experimental process conducted here this was not the case.

5.4 Net viscous swimming dynamics

5.4.1 Swimming velocities

As has already been discussed in Section 2.3, the effects of viscosity on a swimmer are
not necessarily trivial and can be heavily dependent on the swimmer’s motility method.
For D. salina, the net swimming velocity (V,e:, taken as an average of v, data as in
Section 4.2.2.2) response to varying concentrations of Ficoll in the medium is displayed
in Figure 5.3. For the viscosities examined, the swimming velocities exhibited an essen-
tially monotonic decreasing trend with increasing viscosity. The decrease in velocity scales
proportionally to the inverse of viscosity following an approximate power-law V o< ! as
shown in the inset of Figure 5.3, a response also observed in C. reinhardtii [24,67]. Such a
relationship suggests that D. salina operate at a constant thrust [67]. This would tend to
the assumption that the added viscosity impacts the power and recovery stroke similarly,
and no significant changes in the stroke gait are apparent, apart from the viscosity induced

velocity reductions. Further, any change in velocity is purely down to viscous effects on

the flagella and body. However, only net movement is represented by this measurement
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Figure 5.3: Swimming velocity (Vjet) across population suspended in various Ficoll con-
centrations. Velocity decreases essentially monotonically with increasing viscosity. Data
labels correspond to the percentage of Ficoll. Error bars in & show uncertainty in rheol-
ogy measurement and y error bars correspond to the standard deviation taken from the
individual variations across the full population, representing the variation in swimming
velocity across the population. Inset shows data on a log-log scale, with a power-law with
exponent of -1 also plotted.

of the velocity, and it does not incorporate the back and forth motion of a beating stroke.
This will be discussed in more detail in Section 5.5.1.

Through the use of probability distribution functions, the spread and ranges of swim-
ming velocities can be examined and compared in more detail across viscosity ranges. A
log normal fit is applied to the instantaneous velocities for each concentration to allow
comparison between cases. Figure 5.4 shows at low viscosities, a wide spread of velocity
distributions is observed with a high standard deviation. The peak of the curve is rela-
tively low with a fairly symmetric curve. As the viscosity is increased, the distribution fit

shifts towards lower velocities with the distributions becoming narrower. At the highest
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Figure 5.4: Log normal distribution of instantaneous velocities (v;,) across populations of
swimmers in differing viscous solutions, with concentration percentage of Ficoll denoted in
legend. As viscosity is increased, algae tend towards, much reduced motility with decreased
spread in velocity distributions.

viscosities measured, the velocity distributions display a very narrow tall peak with a tail
of a very small number of algae swimming. All other viscous concentrations follow a similar

expected trend, not shown on the above graph due to limited space.

5.4.2 Limitation of the algae swimming at high viscosities

Under conditions of high viscosity, the swimming velocity is greatly reduced, approaching
effective non-motility as shown in Figure 5.5. However, a point of viscous non-motility,
where the active motion of the entirety of the population has ceased due to the large viscous
forces is not found.

The point at which the algae cease to move is of interest and can pose relevance in

certain systems and give further detail into stroke dynamics, such as a stall force being
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Figure 5.5: Swimming velocities in relation to viscosity with the inclusion of high viscous
solutions showing apparent viscous plateau region. Note the log scale on x axis. Error
bars correspond to rheological error and standard deviation across population.

present. In the analysis thus far, algae are classed as non-swimmer and have been removed
from the analysis that swim below the non-swimming value (< 3pms™!) defined in Section
3.6.1.1. This is the primary reason for the plateauing region seen in Figure 5.5, as for the
higher viscosities a greater number of swimmers were removed from the data leaving only
those swimming slightly above the non-swimming value (Figure 5.6). Therefore, there is a
difficulty in producing solid conclusions for these swimming velocities as there velocity is
close to the experimental error.

Figure 5.6 shows the breakdown of the percentages of algae swimming at certain veloc-
ities across the Newtonian solutions analysed. For the general analysis of the swimmers,
algae represented in red and blue were discounted and viewed as non-swimmers. If this
metric is taken it has very little effect on the low viscosity ranges, but at the higher vis-

cosities the number of active swimmers is greatly reduced. An apparent critical point of
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Figure 5.6: Percentage of algae swimming at different velocities. Legend represents range
of net swimming velocities.

non-swimming is observed at a viscosity of 5.5 mPas. This could be seen as a stall point
or a point of viscous forces becoming too great, but it is not possible to conclude this for
certainty since by this point velocities have reduced to a level close to the experimental
limit of uncertainty [297].

Figure 5.7 gives an overview of swimming velocity when a different value the of mini-
mum swimming velocity is defined as a threshold. All velocities exhibit a decrease as all
tracked algae are included in this data, such as algae that might be dead or exhibiting
unconventional swimming (spinning etc). For the lower viscosities, the change in non-
swimming value makes little difference relative to the swimming velocity. However, this
metric has the biggest effect on swimmers at the higher end of the viscosity spectrum. In
this region, a gradual drop in the swimming velocities is observed in the cases analysed
with decreases in the minimum swimming value. This could lead to the proposition that
the swimmer is still following a viscous drag power-law decrease and the high viscosities

do not affect their swimming stroke in any critical manner. Again however, nothing can
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Figure 5.7: Net swimming velocities as a function of viscosity with varying threshold
velocities considered defining non-swimming velocity (i.e. only algae swimming above this
threshold are considered). Inset shows the same data in log-log scale.

be stated definitely due to the relative uncertainties at high viscosities.

One notable conclusion from this data is that despite the high viscosities there is still
motility, albeit very slow and potentially not in a great number of swimmers [297]. This
shows a clear point of non-motility across the population is not apparent and despite a
number of algae becoming non-motile there is not a viscous limit that applies to the entire
population for the range of viscosities analysed. However, more insight at a detailed level
with enhanced optics to lower experimental uncertainties would be needed to increase the

understanding.
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5.4.3 Swimming orientation

The effects of viscosity have been found to alter the orientational preference and the swim-
ming behaviour of some swimmers. Qu et al. [30] and Patterson [25] found that increasing
viscosities altered the standard run and tumble patterns of E. coli. This was attributed to
increased flagella bundling due to low rotation speeds at high viscosities. To examine the
effects of viscosity on D. salinas orientation, the swimming paths and preferential direction

were examined across viscosity ranges.

25um

Figure 5.8: Example of paths of swimming algae with increasing viscosity in medium. A-
D corresponds to 0%, 4%, 8%, 12% respectively. As viscosity increases, path lengths are
reduced for the same time interval as the velocity decreases, but the overall nature of the
swimmer’s walk remain similar. Scale bar (A) is consistent across B-C.

When considering the effects of viscosity on the preferential orientation of D. salina, no
clear orientational preference or change in swimming paths were observed. Qualitatively
the swimming paths show an indication of persistent random walk across viscous ranges
(Figure 5.8). The paths across all viscosities follow a stochastic motion, with no tendency
for population migration or any significant changes in their swimming nature.

To examine swimming direction in a more quantitative approach, the swimming angles

across the full population were analysed and compared. These can be viewed in Figure 5.9.
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Figure 5.9: Swimming distribution of algae orientation in different viscosities. Each curve
has been assigned an arbitrary multiplication value to separate different viscosities to allow
the data to be plotted on the same graph and thus are not comparable. Legend corresponds
to Ficoll concentrations.

The majority of cases show symmetric swimming, indicating little preference to favour a
specific direction.

In some viscosities, a slight preference to swim parallel to the channel is noticeable.
When eliminating underlying flow through the channel, as discussed in Section 3.5.2, chal-
lenges were present in the high viscous cases as the swimmer velocities were closer to any
underlying flow velocity. This phenomenon is especially apparent in the highest viscos-
ity cases shown in the Figure 5.9 (10%) where there is a tendency for the algae to swim
parallel to the channel. Therefore, these orientation observations were attributed to the
experimental set-up and any potential underlying low velocity flows with the channel and
not a physical interaction between alga and viscosity. Taking this into consideration, it can
be said for D. salina changes in viscosity have no distinguished effect on the preferential

swimming direction for the cases examined.
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5.4.4 Net mean square displacement
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Figure 5.10: Net Mean Square Displacement across Ficoll concentrations, which are notated
in legend. Red line show a power-law representing straight line directed active motion.

Comparison of the net mean squared displacement as in Section 4.2.2.4, across viscosity
ranges allows the effective diffusion of the swimmer to be compared, both in terms of dis-
placement travelled and type of swimming. As shown in Figure 5.10 the effective diffusion
of the swimmer decreases with an increasing Ficoll concentration (viscosity).

As all tracks exhibit active motion with no significant deviation they can all be fitted
well to a power-law (Equation 4.9). The power-law fits can be viewed in Table 5.1. For
the higher viscosity cases, the lowest time intervals are removed from the power-law fit, as
the uncertainty due to the noise of the signal was sufficient to skew the results. Therefore,
the lowest time intervals are removed (0.066s — 0.132s for 10 — 14% and 0.066s — 0.0594 s
for 20%).

Across viscous ranges a principally monotonic decrease in the effective diffusion co-

efficient is observed in-line with previous observations and velocity analysis (Figure 5.3).
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Table 5.1: Power-law fit of local MSD with effective diffusion coefficient and exponent
extracted from the fit (Equation 4.9)

Fluid Power-law fit Diffusion Diffusion
Concentration Coefficient | Exponent
Medium y = 20182189 2018 1.890
1% y = 14242184 1424 1.844
2% y = 12371898 1237 1.898
3% y = 9502192 950 1.921
4% y = 664.821903 664.8 1.903
5% y = 360.721877 360.7 1.877
6% y = 278.821882 278.8 1.882
7% y = 195.521-878 195.5 1.878
8% y = 1752182 175 1.824
9% y = 95.621812 95.6 1.812
10% y = 24201738 24.2 1.738
12% y = 7.39x1:564 7.39 1.564
14% y = 14.5241:616 14.52 1.616
20% y = 4.632133 4.63 1.335

For the majority of solutions the swimmer is seen to be in the ballistic region indicated
by high diffusion exponents and coefficients related to the velocity squared. However, at
higher viscous regions (above 10%) the diffusion exponent drops across these three cases.
This point of separation from the norm could be a potential limit of swimming where the
viscous forces are altering the swimming paths or possibly more likely the data becoming

unreliable due to noise in the system.
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5.5 Local swimming dynamics

5.5.1 Viscous body drag

The drag on the body of microscopic swimmer was estimated for all viscous solutions as

in the calculations carried out in Section 4.3.3.
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Figure 5.11: Local velocity (Vi,. as defined in Section 4.2.3.2) as a function of viscosity.
The velocity decreases with a power-law with power of -1 implying that the algae maintain
constant thrust through viscous solutions. Error bars take into consideration the standard
deviation of population velocity and rheological error. Inset displays viscous drag with
increasing viscosity. Body drag remains constant across viscosities.

Figure 5.11 shows the change in local velocity across the viscosity range. As the viscosity
is increased, the velocity decreases following a power-law of Vj,. = !, showing viscosity
and velocity are inherently linked and scale together. This confirms that D.salina are
producing constant thrust despite the changes in viscosity as discussed in Section 5.4.1.

The viscous drag calculation is shown in the inset of Figure 5.11 reaffirming this.
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Constant thrust swimming has been reported in a number of cases for swimming algae
[24,67]). However, often a net velocity is used to report the viscous drag. While a constant
viscous drag is reported the full back and forth nature of the stroke is not analysed.
For such puller swimmers the overall net velocity is not representative as the swimmers
move through the fluid with a higher velocity at the local beat scale than the net velocity
captured with a conventional camera. Therefore, using the net velocity of the swimmer is
not a suitable approximation to use for calculating viscous drag, as it does not encompass
the full swimming gait. It is likely if both power and recovery strokes scale in-line with each
other with increasing viscous forces, a constant thrust will be still be presented. However,
any viscous drag calculations using a net velocity will under-represent the produced force.

The consequences of D. salina propelling itself at constant thrust confirms several ques-
tions about the swimming stroke. It shows that the thrust produced by swimming stroke
is not affected by viscosity, and remains constant for the range of viscosities examined.
Further, it would seem that the swimmer cannot change its swimming stroke to counteract
a change in viscosity and maintains its stroke no matter the surrounding fluid for the range

of viscosities examined.

5.5.2 Flagella response

An analysis of the effect viscosity has on the beating of a swimmer is not as simple as
the preceding analysis of the body. Understanding the effects of viscosity on the beating
frequency and relation between the later, and velocity can give an increased understanding
in both Newtonian and complex fluids.

To understand the effects of viscosity on the beating frequency, it is first needed to
comprehend the flagellum beating pattern employed by D. salina. The relative scale of
the flagellum is small in comparison with the body, with flagellum diameter approximately
200nm. The length of the flagellum is very similar to the body diameter and generally lies

in between 1 and 1.5 body lengths. A cylindrical shape moving through a fluid does not
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follow the same viscous drag laws as a sphere [107,298]. Furthermore, the beat pattern
of the flagella is a complex motion developed over millennia to presumably produce the
most effective stroke possible, with the aim to enhance the power stroke over the recovery
stroke.

The stroke of D. salina can be viewed in Figure 5.12. Often likened to breaststroke
like motion, however the motion of D. salina is notably different, utilising a technique
that can be compared to a travelling wave progressing across the flagellum. During the
recovery stroke, the flagellum is brought close to the body with the proximal portion of
the flagellum extending forwards out from the body. Through this motion, the tip of
the flagellum moves closer to the body. At the moment the proximal portion reaches its
peak is the point of switching between recovery and power stroke. At this point, a wave
travels along the flagellum towards the distal end, almost in a whip like fashion. This
is the main provider of forward motion during the stroke. Through this motion, the tip
extends back out in a lateral direction in relation to the body of the swimmer, with very
little longitudinal motion. This complex motion means it is not applicable to perform the
same viscosity calculation as with the body and further detailed analysis of the flagellum
dynamics would need to be undertaken to get an accurate description of wave form and
flagellum dimensions [50].

The analysis of the stroke seen in Figure 5.12 has been captured with the body held
stationary, and all descriptions are relative to the body. While not analysed in detail at
the flagellum level, there is no indication that a change in viscosity will alter the swimming
stroke in any considerable way [24].

To capture the thrust generated by the flagella, slender body theory can be used to
understand drag locomotion. This theory is commonly known as resistive force theory
(RFT) and was first presented by Gray and Hancock [78]. RFT provides the flagella
forces corresponding to the normal and tangential motion by the local flagella velocity and
coeflicients as discussed in Section 1.3.2.

Lighthill further provided theoretical estimations for the resistance coefficients of both
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B

Figure 5.12: (A) Overlay of an approximate algae beat. The onset of the power stroke
commences when the flagellum is represented as yellow and recovery when purple. (B)
Flagella through a single stroke with frame by frame capture of a single beat with 2ms
between each image. Power and recovery strokes can be visualised with flagella moving in
and closer to the body in the recovery stage and out and away from the body in the power.

the normal and tangential forces by analysing a distribution of the stokeslet by the centre-

line of a flagellum [79]. The resistance coefficients were described as

4mn
Cn 2l N (5.1)
ln(ﬁ) + P
2mn
Cr = (5.2)
ln(il—;)
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where [; is the characteristic length often taken as [y = 0.09 x Ay, Ay, is the wavelength of
a flagellum wave and ' is the flagellum radius 77,155, 276].
For D. salina with a wavelength taken as the average equivalent body length of 14 pm

and 7y = 200nm the coefficients can be calculated as

CN ~ 3.277 (5.3)

Cr ~1.4n (5.4)

Applying the above equations into equation 1.16 gives the thrust generated by the
flagella linearly increases with increasing medium viscosity, if the relative flagella velocity
and stroke pattern remains constant. Assuming constant thrust as mentioned previously,
it becomes apparent that the relative flagella velocity must decrease linearly to maintain

the constant thrust.

5.5.3 Beat frequencies

The same methodology as described in Section 4.2.3.3 of capturing the beating of the
algae was applied to the swimmers for a range of viscosities, with a fast Fourier transform
performed on the instantaneous swimming velocity with time to quantify an effective beat
frequency. Appendix D shows example representative velocity functions within the time
domain for selected viscosities. The velocity functions show a clear increase in the stroke
period as viscosity is increased. Further, the amplitude of the waves decreases with the
increase in viscosity, in-line with the dynamics observed at the global net scale.

Figure 5.13 shows the effects of the beating frequency calculated through FFT, with in-
creases in viscosity. As with the overall swimming velocity, the beating frequency decreased
as the viscosity was increased. This relates to an increased stroke period observed in the

velocity time graphs (Appendix D). The decrease is not as dramatic as velocity, decreasing
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with a dissimilar trend. While velocity followed an approximate power-law (Vjo. oc 71),

0:375) " For the range of viscosity,

the beating frequency follows a power-law of (fpr o< 7~
covered the frequency decreases from 30 Hz in the medium to approximately 10 Hz at the

highest viscosity measured, over a 10-fold viscosity increase.
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Figure 5.13: Beating frequencies of the algae in relation to changes in suspension viscosity.
A general decrease in beating frequency with increasing viscosity following a power-law is
observed. Error bars in z axis relate to uncertainty in rheological measurements, and y
axis error bars correspond to the standard deviation of algae measure. Inset shows log-log
scale with power-law fit.

5.5.4 Stroke dynamics

Time: With increasing viscosity, the time spent in each individual stroke increased in-
line with the decreasing beating frequency observed. This can be viewed in Figure 5.14
(A) where the time to complete each stroke is shown across differing viscosities. For the

viscosity range.
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Figure 5.14: (A) Average time to complete power and recovery stroke across the viscosity
range studied displaying little variation in response between strokes. (B) Percentage of
time spent in each stroke across fluids of differing viscosities. Error bars correspond to
standard deviation in variation in stroke times.

As mentioned previously, in the water like medium the algae spent the majority (~
2/37%) of the stroke in the power stroke. With an increase in viscosity of the medium
the ratio between the strokes remained remarkable comparable as shown in Figure 5.14
(B). Within the experimental error, it can be said that viscosity seems to have the same
influence on each individual stroke under this metric.

Velocity: The power and recovery strokes react in concert to viscous influences with
both strokes following a power-law function close to Vpu, oc n71 (Figure 5.15 (A)), within
the value of errors of the experimental set up. Thus, implying that both strokes follow
constant thrust with changes in viscosity. This is backed up by viscous based drag cal-
culations (Figure 5.15 (C)) where there is little variation across solutions in the averaged
value. The power stroke induces an increased viscous drag on the body than the recovery
stroke due to the higher average velocity.

The velocity ratio between the strokes as seen in Figure 5.15 (B) displays a constant
ratio across all viscosities measured, with the power stroke average velocity ~ 1.6x greater
than the recovery stroke.

Amplitude: With increasing viscosity, the amplitude of each individual stroke de-
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creases (Figure 5.16 (A-B)). Due to the different nature of the scaling of the velocity and
time per stroke, the stroke amplitude scales with a power-law of Aj. < 7287, This is a
function of the increasing time per stroke and decreasing velocity within the stroke. The
ratio between the stroke remains mostly constant no matter the viscous change (Figure

5.16 (C)).
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Figure 5.15: (A) Average Individual stroke velocities (Vpow& Vyec) through increased viscous
influences. Velocity in the power stroke is significantly higher in all cases relative to the
corresponding recovery stroke. (B) Ratio of Power and Recovery stroke with increasing
viscosity. Across the viscous ranges, the velocity ratio between strokes remain constant.
(C) Viscous drag of the body in power and recovery stroke, which remains constant through
changes in rheology. Error bars relate to rheological error and standard deviation across

population analysed.
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Figure 5.16: (A) Average distance travelled (Apow&Arec) through the power and recovery
stroke as a function of viscosity. Error bars relate to rheological error and standard devi-
ation across population analysed (B) Average amplitude (A,e¢) covered in a single stroke
against medium viscosity follows a power-law of (Ane; oc n~%687). (C) Ratio of power to
recovery amplitude with viscosity showing only slight variations across viscosity ranges.
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5.5.5 Local mean square displacement
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Figure 5.17: Local MSD across varying Ficoll concentrations. A clear distinction between
local and net motion is observed, with a transition period in between which relates to the
inverse of the beating frequency. The red crosses denote the beating period calculated by
FFT methods.

As discussed in Section 4.2.3.5 the localised MSD provides extra detail of the swimming
strokes at reduced timescales. Figure 5.17 shows the localised MSD across the viscosity
range. As with the net MSD, viscosity decreases the apparent diffusion of the swimming
population. In all cases, a clear distinction between the two regimes discussed previous
with a transition region in between is notable. Further, it is notable that the transition
region is shifted towards increasing time intervals as viscosity is increased. This is due to
the decrease in beating frequency associated with the increase in viscosity. The red crosses
mark the beat period calculated though FFT methods. All cases seem to lie at the point

of initiation of net motion and the end of the transition region.
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5.6 Overview of viscous effects
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Figure 5.18: Velocity (Vioc), amplitude (A;,.) and time (¢5) scaled in relation to parameters
taken in swimming medium across viscous variations. This allows for a comparison between
three parameters and the different power-law fits.

Figure 5.18 shows how velocity, time and body amplitude varies with viscosity scaled to
the relative value found in the medium. This graph, therefore, shows the difference within
the scaling of the different parameters and how viscosity effect each individually. The
three parameters react to the effects of viscosity with different trends: the velocity follows
an inverse power-law relating to the constant thrust production and the amplitude and
time, reduce and increase respectively, following varied trends that if combined produces
the overall velocity decrease. This variation in characteristic trends, displays a complex
interaction to changes in fluid dynamics that is not apparent if purely analysing the velocity.

In terms of the flagella, the time per stroke calculated through the body can be related

to the flagella and should remain very similar. The same cannot be stated about the body
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and flagella amplitude. Despite this, through the analysis of viscous drag and described by
simple RFT methods, it is apparent that the body and flagella velocity decreases linearly
with increasing viscosity, leading to constant drag of the body and thus constant thrust
produced by the flagella. This is assuming the normal and tangential components maintain
relative similarities to each other across viscosity ranges. As the stroke time increases
following ts o< 7937, to maintain constant thrust produced by the flagella it would be
assumed the flagella amplitude would follow the decrease of that of the body amplitude to
satisfy the flagella velocity linearity (Section 5.5.2).

The variation in flagella beat time and amplitude cannot be described by simple RTF
methods and the fluid viscosity increases, and must be a dynamic induced by the increased
work to move the flagella through a higher viscous fluid. The reasoning behind the differ-
ences in beating frequency and flagella amplitude are unknown, and likely are influenced
by the internal energy production and distribution across the flagella. A possible explana-
tion relates to the internal elastic properties of the flagella as well as the external viscous
forces [24,52,299-301]. Despite this, it is apparent that the gait modulation is intrinsic to
the constant thrust produced by the flagella.

5.6.1 Simple model

Figure 5.19: Schematic diagram of model representing swimming alga. Model definitions
are shown. Flagella are represented by an orange rod and with blue arrows denoting their
motion through the stroke.
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The swimming dynamics observed in Newtonian fluids can be captured by a simple
analytical model. This provides a greater understanding of the effects of viscosity, con-
firming some theories already mentioned such as the reduction of flagella velocity. The
model was primarily developed by Debasish Das, and thanks goes to him for his support in
its generation. A spherical body is assumed with cylindrical rods protruding at each side
representing the flagella, as in Figure 5.19. The flagella movement is controlled by 6.4
which is denoted relative to the horizontal axis. Thus, in the power stroke, Af,.,q < 0 and
ABroq > 0 for the recovery. Non-reciprocal motion is incorporated by imposing varying
rod lengths between the strokes, i.e. large in power, small in recovery. The resultant force

balance equation can be solved to attain the body velocity

— 6T BV, — 2Lmdvm(C’Nsin29md + C’Tcos29md) + wde'leodcost%od =0 (5.5)

where v, relates to the velocity at that instant, Cy and C'r the normal and tangential
resistance coefficients (Equations 5.1 and 5.2), wy..q the angular velocity, l,.,q the rod length
and 6,.,q the angle of the rod relative to the horizontal direction [77].

The first term of the force balance relates to the body viscous drag as in Equation 4.13,
the second the viscous drag produced by the rod as is moves through the fluid and the
final term the angular drag of the rod [302,303].

Assigning the angle swept by the filament as 0,.,q4(t) = Aoqsin(27 froqt), the angular
velocity as wyoq(t) = 27 frodArodcos (27 froqt) and the change in filament length as ,.,q(t) =
cos(27 froqt) + 2rp and solving, the velocity with respect to time can be calculated and
thus the velocity features as described in Section 4.2 can be recovered. Figure 5.20 shows
the inputs with respect to time, relating closely to the flagella dynamics observed in D.
salina in the medium.

There are some key assumptions and draw backs integrated with this model. A 50/50

power /recovery stroke time is inputted, which is a dynamic not observed in the experi-

164



Chapter 5. Swimming in viscous fluids

0.2 150

100
0.1
50

O(rad)
=)
w(rad s™1)
o

-0.1
-100

-0.2 -150
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2

t(s) t(s)

Rod length

0 0.05 0.1 0.15 0.2
t(s)

Figure 5.20: Inputs into model covering flagella angle, angular velocity and the rod (flag-
ella) length. All vary with time and are approximated to represent flagella motion of D.
salina.

mental observations. Furthermore, a straight rod of fix rigidity is imposed with no ability
to bend or match the stroke of D. salina. Therefore, there are likely some inconsistencies
present in the model, such as the relation between power and recovery stroke. While the
model gives an approximate understanding for viscous effects and simplified dynamics, it
by no means attempts to capture the full dynamics of the swimming patterns of D. salina
and is purely a representative model.

The resultant velocity spectrum of the alga in the medium is displayed in Figure 5.21.
Despite the simplicity of the model, the model output qualitatively lies close to the exper-
imental results found in the medium displayed in Figure 4.11.

In terms of the effects of viscosity, in Equation 5.5 the viscosity terms cancel out.
Therefore, with the above model, purely altering the viscosity does not produce the velocity
variations observed for D. salina. To produce the decay in velocity observed, the rod

dynamics must be altered. To satisfy the constant thrust production, the flagella velocity
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Figure 5.21: Velocity output spectrum for model alga swimming in the medium, matches
close to experimental spectrum displayed in Figure 4.11.

must maintain a velocity that decreases to the power of -1. It has been observed that the
flagella time increases to the power 0.375 with viscosity, and thus stated that the amplitude
of the flagella follows to the power -0.687. Inputting these decay trends into the model,
(A,oq for amplitude and f,.,q for frequency) the motion of the swimmer in viscous fluids
should be recovered. The results of the calculated velocities are displayed in Figure 5.22.
It is clear from the resultant graphs (Figure 5.22) that the model captures the decay in
velocities well, with all velocities following the same overall decay trends. One exception is
the net velocity which is under-represented, which is likely due to the recovery stroke having
a larger proportion of the stroke than found experimentally. These results give backing to
the reduction in flagella velocity following a power-law to the -1 as with the body. However,
the model does not give details into the reduction of the beating frequency, amplitude and
the variation in the two rates. This is likely due to internal dynamics along the flagella,

but would be an interesting follow up to understand this variation [24,52,299-301].
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Figure 5.22: Resultant velocities dependent on fluid viscosity controlled by frequency and
amplitude (blue line) and experimental observations (orange circles).

5.6.2 Velocity dependence on body size

During an alga’s life cycle, their body shape alters as they grow and develop. Generally
starting off small, then increasing and becoming more spherical throughout their lifetime.
As discussed in the Section 4.3.3, the diameter is integral to the viscous drag on a body
moving through a fluid. It has been stated that across the population the viscous drag
remains constant independent of viscosity. However, the size of an alga is not universal.
Here, a closer look into swimming velocity and body size is carried out on an individual
basis.

Figure 5.23 shows a plot of swimmer’s equivalent diameter versus velocity normalised
by a multiplication of the solution viscosity. This allows for a comparison of swimmers
under different viscous influences. As viscosity has been shown to have no influence on

the ratio of the power and recovery stoke, and the power of the swimmer remains constant
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Figure 5.23: Viscous swimming velocity against equivalent cell diameter with power-law
fit. Each cross represent an individual alga.

regardless of viscous changes, it is deemed acceptable to compare the data in this way.
The local velocity is used in the calculation to capture the full stroke.

D. salina display a tendency for the swimming velocity to be related to the diameter,
where large swimmers swim with a reduced velocity and vice versa for smaller swimmers.
The decrease also follows a scaling linked to a power-law (V. r;?l), very similar to the
velocity and viscous drag calculations.

From the previous calculations and discussion into viscous drag, this might seem a
trivial observation. The smaller the swimmer, the less drag, the faster it swims. However,
looking at a swimmer on an individual basis shows some interesting dynamics. What is
apparent from this data is that the swimming velocity of D. salina is dominated by the cell
size. Furthermore, in the most part, as the body size may change across the population,
the flagella will produce the same thrust regardless. This also has a bearing on the spread

of velocities and lack of spread of the beat frequencies (Figure 4.21). It has also been noted
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anecdotally through experimentation, that flagella length seems to be mostly maintained
across population, which may also be a factor of the discussed results. Other factors will
affect velocity such as turning etc. but the dominant metric is clearly the cell size. This
raises the interesting proposition that algae motility is primarily controlled by age and the
relative size of the algae and has no influence on the power produce by the flagella, only
the drag of the body. The result of these dynamics for D. salina shows an independence
of beating dynamics on the physiology of the swimmer and across an algae population
the flagella dynamics do not seem to change no matter the age, size or circumstances of a

particular alga.

5.7 Conclusion

The swimming dynamics of Dunaliella salina are inherently linked to the viscous forces
present within the medium they are motile within. With increases in the viscosity of the
medium, the swimming velocity of the algae is found to reduce. The algae have no method
of increasing thrust either actively or passive and the viscosity has a marked impact on
the swimmer’s velocity.

The swimming velocity decrease followed an approximate power-law decrease to the
power of -1 with viscosity, implying the swimmer produces constant thrust. Using a sim-
plification of a sphere moving through a fluid, the viscous force produced by the swimmer
was calculated across the viscous ranges and was found to remain constant (~ 15pN). The
local velocity was used in the calculation of this data, as it better captures the full stroke
dynamics and does not hide the recovery stroke of the beating cycle. Analysis of the beat-
ing frequency likewise showed a decrease with an increase in viscosity, while not following
the same power-law observed in the velocity. The modulation of the gait seems not to
affect the flagella velocity response to changes in viscosities, maintaining constant thrust.
Furthermore, the relative stroke dynamics between recovery and power stroke remained

notable similar across viscosity ranges examined.
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The concept of constant thrust is well known across similar types of swimmers, and
from this analysis of the swimming size and velocity it would seem that the force D. salina
produces is independent of size or physiology of the swimmer. Further, the apparent
lack of change in beating frequency across the population quantifies the independence of
beating and flagella dynamics from algae physiology. Therefore, all algae seem to produce
a constant thrust and similar beat pattern, but the primary factor affecting their swimming

efficiency is their size and viscosity of the medium they are within.
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Swimming in shear thinning fluids

6.1 Chapter overview

The following chapter analyses the response of the swimming organism to shear thinning
fluid properties of its medium. Initially, the fluid properties are defined, such as the levels
of shear thinning within each fluid (power-law index). Once established, the swimming
dynamics in a shear thinning fluid are quantified, initially focusing on the net velocity and
then moving to focus on the stroke dynamics response to such fluids. After, the swimming
response to shear thinning properties is discussed in detail, and finally a discussion into the
use of an effective viscosity as a method of comparing the swimming response in complex

fluids is conducted.

6.2 Rheology of modified medium with Xanthan gum

Xanthan gum (XG) was the rheological agent used to import shear thinning properties to
the medium. It is a water-soluble polysaccharide produced by the bacterium Xanthomonas
campestris during its fermentation processes [229, 232, 304]. Xanthan gum is a widely
used pseudoplastic agent in food, health, cosmetic, petroleum and research industries as

discussed in Section 3.3.2.3 [305-307] and has not been shown to react with algae or other
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forms of microscopic swimmers bar any rheological changes .

Xanthan Gum rheology has been found to be independent of the concentration of
sodium chloride below a cross-over concentration. Depending on the literature the cross-
over point ranges from 0.1% to 1% of XG and the consensus is that below these limits the
effects of additional salts are negligible [305]. Across the critical concentration, the polymer
backbone acquires a helical conformation, stabilising the polymer from a disordered to
ordered state, leading to the shear viscosity and shear thinning levels lowering compared
to a salt-free solution. All solutions used for this work have sodium chloride concentration

that fall well below the mentioned critical concentrations (Section 3.2.1).

Table 6.1: Power-law index (n) and flow consistency index (m) for Xanthan gum solutions
taken from a fit of rheological data using a power-law model.

Solution Concentration XG Ficoll 0 m
(XG - Ficoll) concentration | concentration
250PPM 0.025% (250PPM) 0% 0.856 | 0.0039
250PPM - 2% 0.025% (250PPM) 2% 0.857 | 0.0058
250PPM - 4% 0.025%(250PPM) 4% 0.857 | 0.0093
500PPM 0.05% (500PPM) 0% 0.752 | 0.0109
500PPM - 1% 0.05% (500PPM) 1% 0.746 | 0.0136
500PPM - 2% 0.05% (500PPM) 2% 0.765 | 0.015
750PPM | 0.075% (750PPM) | 0% | 0.653 | 0.0282

Xanthan gum was added to the original medium or the medium with Ficoll at different
concentrations (Section 3.3.2.5) to give a range of modified medium with different viscosities
and shear thinning levels.

Solutions of Xanthan gum with concentrations of 250PPM, 500PPM and 750PPM in
the medium were used in the analysis. These provided base shear thinning solutions where
the viscosity was primarily controlled by the XG concentration. Further, XG solutions
with added Ficoll were also experimentally examined. The addition of Ficoll increased
the viscosity of the solution, while the power-law index remained very close to the base

solutions with no Ficoll. This allowed for a comparison to be drawn between solutions
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with similar shear thinning properties, but with increased viscosity. An overview of the

different solutions utilised can be viewed in Table 6.1.
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Figure 6.1: Flow curves showing the steady shear viscosity of all Xanthan Gum solutions
measured. All show varying shear thinning and viscous properties. Three concentrations
of Xanthan gum solutions were examined, which displayed varying power-law indices. To
enhance the viscosity of these three base solutions, concentrations of Ficoll were added.
This is noted by the percentage succeeding the Xanthan gum concentration in the legend
and denotes the percentage weight of Ficoll within the solutions. The minimum measurable
torque represented by the purple dashed line is calculated from Equation 3.10.

The shear flow curves of the medium with added shear thinning (XG) and viscous
(Ficoll) agents can be seen in Figure 6.1. A more pronounced shear thinning behaviour
is clearly visible with increases in concentration. Furthermore, solutions with additional
Ficoll can be seen to have increased viscosity but similar levels of shear thinning behaviour
(power-law index). All solutions were fitted to the power-law model as defined as in

Appendix C.1. Table 6.1 shows the values of the flow consistency index and power-law
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index for all Xanthan gum solutions.

6.3 Swimming response to shear thinning fluids

To quantify any swimming dynamic changes in a shear thinning fluid, a comparison to a
Newtonian solution is often drawn by means of calculation of an effective viscosity of the
swimmer. As discussed in Section 2.4.1 defining a single characteristic viscosity experienced
by the swimmer can be complex and can lead to inconsistencies. Instead, to avoid the
uncertainties within this method, the analysis that follows draws comparison to Newtonian
solutions through different methods such as comparing variations in stroke dynamics. In
Section 6.5 the method of defining an effective viscosity is reviewed in the context of the
results observed and conclusions drawn to the effectiveness of this method.

For quantification of the shear thinning response the same experimental methodologies
were utilised as for the Newtonian fluids discussed in Chapter 4 and 5 with velocities,
beating frequencies and individual stroke dynamics all captured. The number of algae
examined for each concentration followed close to that described in Table 3.5.

Initially, to introduce the shear thinning response, the variation of the net swimming
velocity with concentration is discussed. With increasing XG concentration, the algae
display a clear decrease in their swimming velocity (Figure 6.2). The reduction in swimming
velocity is likely dominated by the increases in viscosity in the XG concentrations. This is
also observed with the solutions of added Ficoll which display a reduced velocity on their
base solutions. While the data presented thus far gives initial insight into the swimming
response to shear thinning fluids, it is not possible to determine the effects of shear thinning
from viscous responses.

To begin the comparison to Newtonian viscous fluids, the swimming dynamics are
broken down into their simplest form, that being the body amplitude (Apow & Arec) and
time taken in the individual strokes (tpou & trec) as seen in Figure 6.3 for the power (A)

and for recovery (B) strokes. The Newtonian response is included and follows a decreasing
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Figure 6.2: Swimming velocity as a function of Xanthan gum concentration for solutions
analysed. Percentage notes additional Ficoll concentrations. Increased concentrations leads
to an overall decrease in the swimming velocity. Error bars denote standard deviation
across population analysed.

distance achieved per stroke and increasing time per stroke, with increasing viscosity. The
ratio between power and recovery stroke velocities, time and amplitude all remain relativity
similar.

With the addition of shear thinning fluid properties, the stroke dynamics do not follow
similar trends as the response in Newtonian solutions. For the base XG solutions, in the
case of the power stroke, an apparent reduction in both the amplitude and stroke time is
seen in relation to the Newtonian cases. Conversely, for the recovery, an apparent increase
in both these variables is seen. This shows that the shear thinning properties of the fluid
are indeed altering the swimming dynamics of D. salina and the power and recovery strokes

are displaying different responses.
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Figure 6.3: (A) Average stroke amplitude (Apoy,) and time (t,0,) for power stroke in shear
thinning and Newtonian solutions. Percentage represent concentration of Ficoll added to
shear thinning solutions (red) and Ficoll concentrations in Newtonian solutions (blue).
Example error representative of entire data set is displayed on medium data point, relating
to standard deviation of population. Each point consists of data from between 8 - 15 algae
representing approximately 10000 data points. (B) Recovery stroke.

The addition of Ficoll to the base shear thinning fluid concentrations display a shift
in the response, with the power stroke lying closer to the Newtonian cases and recovery
further away from Newtonian.

To characterise the differences in dynamics displayed between the power and recovery
stroke in a shear thinning fluid, it is possible to relate the average power stroke ampli-
tude/time to the net amplitude/time (tpow/ts & Apow/Anet). Figure 6.4 shows this in the
context of a single averaged stroke. The start and end of the stroke are normalised to
a single point, and by plotting the power stroke amplitude/time over the net values, the
difference in these values relative to each other and to the recovery stroke are seen. The
Newtonian cases are included as a reference (Figure 6.4 (B)) and due to similarities in
response from both the power and recovery with increasing viscosity, all concentrations
conform to similar dynamics.

The stroke dynamics in the shear thinning fluids show a clear and obvious change in
response to the Newtonian cases, with both the amplitude and stroke time experiencing

a separation from that seen in the Newtonian cases. In terms of the amplitude, the ratio
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Figure 6.4: (A) Stroke data scaled to the relative values of a full completed stroke for shear
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stroke response relative to each other (B) Newtonian scaled data.

between the power and recovery stroke increases, denoting a shift in favour of the recovery
stroke (for relative increases in stroke velocities). On the other hand, the time per stroke
ratio decreases, leading to a favourable shift towards the power stroke. It seems apparent
the amplitude shift experiences a greater separation in response from Newtonian than that
in time, which may indicate a relative increase in the velocity of the recovery stroke to the

power. The separation from the Newtonian cases are increased in the cases with additional

Ficoll from their relative base case.

Upon analysis of the stroke velocity ratios (Vpew/Vree) displayed in Figure 6.5 the
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Figure 6.5: Velocity stroke ratio (Vpey/Vgee) for shear thinning and Newtonian solution.
Newtonian solutions are represented by a single point, as the variation in velocity ratio
is minor. With the addition of shear thinning properties, the velocity ratio is shifted in
favour in the recovery stroke, a response that is enhanced by the addition of Ficoll to the
solution.

response to a shear thinning fluid seems to promote a relative increase in the recovery
stroke velocities over the power stroke, as hinted at in Figure 6.4. In the Newtonian
solutions, the stroke ratios remain relatively constant and are represented by a single
averaged point in Figure 6.5. However, with the addition of shear thinning properties, the
velocity ratio decreases with solution concentration. This velocity ratio shift seems to be
driven by differences in amplitudes and time between the power and recovery strokes seen
in Figure 6.4. With the effective shift in favour of recovery stroke, the swimmer in a shear
thinning fluid would seem to lose efficiency in its gait as more effort is converted to moving
the swimmer backwards through the stroke.

Furthermore, solutions with additional added Ficoll display a further decrease in the

stroke velocity ratio. Thus reducing the stroke efficiency by an even greater margin. This is
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of particular note, as increases of viscosity in Newtonian Ficoll solutions lead to no changes
in the stroke velocity ratios. Therefore, this dynamic may be related to other factors such
as the solvent viscosity, as this will differ between solutions. Furthermore, it seems that
the added Ficoll reaches a limiting point, as both 2% and 4% in 250PPM 1% and 2% in
500PPM show similar velocity ratios. This may purely be experimental error or a limit of
the recovery stroke enhancement. An interesting question would be if it was possible to
alter the solution rheology sufficiently to shift the velocity ratio below unity and induce
stationary or even backwards swimming.

To sum up, a clear and obvious dynamical change in the beating dynamics were found
once shear thinning properties were added to the medium. A reduction in amplitude and
time was found in the power stroke and the opposite dynamics observed in the recovery
stroke relative to the Newtonian response. Upon analysis of the stroke velocities, it is
apparent that there is a shift in favour of the recovery stroke velocity, decreasing the
overall apparent efficiency of the stroke. Shear thinning solutions with similar power-law
indices and increased viscosities show relative increases in both power and recovery stroke
time and amplitude on the base cases. This attributes to an additional shift in the stroke
velocity ratios in favour of the recovery stroke, posing the question of the effects of different

rheological properties.

6.3.1 Swimming orientation

Further to the stroke dynamics, the swimmers’ orientation and preferred paths can be
analysed to asses the effects of shear thinning solutions.

As in Section 4.2.2.4 the velocity data for the shear thinning cases were fitted to a mean-
squared displacement model to extract the apparent diffusion coefficients and exponents for
all concentration analysed. The diffusion coefficient is seen to reduce with the increase in
solution concentration, as with the increase in drag associated with the increased viscosity.

Interestingly, the exponent seems to reduce with increasing XG concentrations following the
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Table 6.2: Shear thinning power-law fit of local MSD, with diffusion coefficient and expo-
nent extracted from the fit.

Fluid Power-law fit Diffusion Diffusion
Concentration ower-ia Coefficient | Exponent
250PPM y = 745.6218% 745.6 1.895
250PPM—2% y = 348.371-8% 348.3 1.844
250PPM—4% y = 186.3218% 186.3 1.855
500PPM y = 151.121-836 151.1 1.836
500PPM—1% y = 96.521824 96.5 1.824
500PPM—2% y = 53.8218%9 53.8 1.829
750PPM y = 23.91786 23.9 1.786

power-law index. It is unknown whether this effect is due to the influence of shear thinning
properties increasing turning events of the algae or by experimental error. However, As
the exponents all fall within the varying ranges seen in the Newtonian cases (Table 5.1) it

is difficult to state for definite this is a response to shear thinning properties.

6.4 Effects of shear thinning fluids

It is clear from the observable results, the stroke of D. salina under shear thinning influences
experiences a marked change in its dynamics. In this section, the possible reasoning behind

the observed stroke changes are discussed.

6.4.1 Viscosity variation across swimmer

The swimming stroke of D. salina will inherently produce varied shear rates with its fast
moving very thin flagella compared to a relative slower moving large body. Due to the
increased velocity and much decreased diameter of the flagella, it is a fair to assume that
they will produce a much greater shear rate onto the fluid than the body of the swimmer.

Therefore, in a shear thinning fluid, the flagella should be experiencing lower viscosities
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than the body.

This shift in viscosity ratio may be reasoning behind the dynamics observed for the
power stroke in Figure 6.3 where a decrease in both stroke time and amplitude is apparent
compared to the Newtonian cases. The relativity lower viscosity at the flagella should
allow the flagella to beat faster, thus reasoning for the reduced stroke time. Then for the
body, it feels an increased viscosity compared to the flagella and the faster beating does
not translate to the amplitude. It may even be possible that the flagella produce such a
great shear rate that they are experiencing a value close to the solvent viscosity through
part of their stroke. This is possibly seen in solutions with additional Ficoll, as the solvent
viscosity is increased on the base solutions, which leads to an increase in beating frequency.
Furthermore, the solvent viscosity may be driving the reduction in stroke velocity ratios
(Figure 6.5).

The recovery stroke in the shear thinning solutions experiences the opposites dynamics
to that of the power, with an increase in stroke time and amplitude observed. Unlike the
power stroke, this dynamical change cannot be explained simply by the viscosity changes
across flagella and body. In fact, the opposite of what may be expected is true. Thus, it
is apparent that other methods induced by shearing properties are affecting the recovery

stroke.

6.4.1.1 Body viscous drag

Thus far in the analysis the focus has been primarily based on the variation between stroke
dynamics, mainly the stroke time and amplitude. To provide further understanding and to
add further comparison between the shear thinning and Newtonian strokes, it is possible
to relate the body effective viscosity to the swimming velocity.

For D. salina, the body can be assumed to be spherical and thus possible to relate its
motion to experiments of falling spheres [174,175]. Therefore, the effective shear rate of

the body can be approximated by

181



Chapter 6. Swimming in shear thinning fluids

— WOC
27’3

B (6.1)

where Vj,. is the localised velocity and rp is the equivalent radius of the body. For each
shear thinning solution, the estimated body shear rate can be viewed in Table 6.3. It
should be noted this expression denotes an average shear rate exerted by the body and the
shear rate will vary through the stroke dependent on the instantaneous velocity at that
moment. The local velocity was used in this calculation to achieve the shear rate related
to the overall stroke.

Table 6.3: Local velocity and effective body shear rate of XG fluids, calculated with Equa-
tion 6.1.

Solution Concentration | Local Velocity | Effective Body
(XG - Ficoll) (ums~1) Shear rate (s7!)
250PPM 58.9 4.21
250PPM - 2% 35.7 2.55
250PPM - 4% 28.5 2.04
500PPM 35.0 2.50
500PPM - 1% 30.9 2.20
500PPM - 2% 26.5 1.89
750PPM \ 26.3 1.87 |

Using the body shear rates defined in Table 6.3 in combination with Equation C.1
(Appendix C.1) the effective viscosity dependent on the body can be calculated. The body
effective viscosity acts only as a tool for comparing the relative changes experienced by the
body and is by no means an overriding effective shear rate for the swimmer as a whole.

Relating the local body velocity to the effective body viscosity, as seen in Figure 6.6 (A)
a clear shift is observed from the Newtonian solutions. For the shear thinning solutions, an
increased local velocity is present in relation to the Newtonian solutions for similar effective
body viscosities. This dynamic would seem to be driven by the variation in viscosity felt

by the flagella and body. From Equation 5.5 with the flagella feeling lower viscosities, an
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imbalance is present.

This is further presented in Figure 6.6 (B) where the effective viscosity around the
swimmer’s body is inputted to Equation 4.13 to calculate the effective viscous drag of the
swimmer. With increasing shear thinning properties, the apparent viscous drag calculated
using the relative body viscosity increases with shear thinning properties. This seems to
be as the flagella produce the thrust associated with low viscous solutions which is not
balanced by the drag of the body due to the viscous imbalance (Equation 5.5). Therefore,
an apparent thrust increase from a simple Newtonian fluid is present in relation to the

body.
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Figure 6.6: (A) Local velocity varying with the calculated body shear rate for shear thin-
ning and Newtonian solutions. A clear separation is observed, primarily driven by the
reduced viscosity felt by the flagella due to increased produced shear rates. Error bars
denote standard deviation across population analysed (B) The variation between flagella
and body viscosities relates to an apparent viscous drag increase calculated by inputting
the body viscosity and local velocity into equation 4.13.

Thus, it seems the presence of the shear thinning solutions induces a viscous imbalance
across the swimmer, allowing the flagella to beat as if they were in a medium of low
viscosity. The body is then constrained to relatively higher viscosities. This has the two-
fold effect of reducing the beating frequency and increasing the amplitude of the stroke, as

seen in figure 6.3.
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6.4.2 Flagella gait

An assumption made through the previous section is a consistent flagellum beating pattern
through the stroke. It seems that this is true for the Newtonian cases, as the stroke
dynamics remain relatively constant between the power and recovery strokes, and has
been seen in another puller algae [24]. However, several studies have found fluids with
shear thinning properties to alter the motion of the flagella through their beat [24,33,34],
although most have elastic properties on top of shear thinning properties. Unfortunately,
sufficient quality images for enhanced flagella tracing was not available in this research, as
discussed in Section 3.6.2.2.

Of particularly note is the recovery stroke change found in C. reinhardtii in which the
recovery stroke sees notable alteration in its pattern, returning closer to the body and in-
creasing the time spent in this stroke under the influences of a shear thinning viscoelastic
fluid [24]. In D. salina, the time spent in the recovery stroke was found to increase with
shear thinning properties, possibly hinting at changes in flagella gait as seen in C. rein-
hardtii. If the gait of the recovery stroke was found to alter, it may be reasoning behind
the variation in responses between the power and recovery stroke. This is an area of this

research that could be added to in future research.

6.4.3 Viscous gradients

With the presence of a shear thinning fluid, viscosity gradients will be present as the
swimmer applies a shearing force to the fluid. Gomez et al. [163] argue that an increased
helix velocity in a shear thinning fluid was related to confident like effects due to viscosity
stratification around the swimmer.

Table 6.2 may hint to an influences of shear thinning viscous gradients, with the MSD
diffusion exponent reducing with increasing power-law. Thus, the swimmer is seen to tend
towards random walk motion with increasing power-law of the fluid. If viscous gradients

are seen to influence the swimmer, they may be a cause of this response due to viscotaxis
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at a very local scale.

Furthermore, viscous gradients may be in part behind the changes seen between power
and recovery stroke. In the power stroke, the flagella pull the swimmer though the fluid.
However, in the recovery stroke, the algae become effectively a pusher swimmer, with the
flagella acting as a motor at the back of the swimmer propelling the swimmer backwards
[60,62,308]. Thus, through the stroke the body “follows” the flagella in the power stroke
and “leads” the flagella in recovery. In terms of the viscous gradient present, the direction
of the viscosity gradient will alter, relative to the direction of travel through each stroke.

Therefore, potentially affecting the two strokes in different manners.

6.4.4 Non-Newtonian wake

Another hypothesis could involve non-Newtonian wake that has been built up behind the
body or flagella as they move through it. As Xanthan gum solutions are inelastic at
these concentrations, memory effects are likely very small or non-existent. Furthermore,
analysis of a helical swimmer ruled out these effects in a shear thinning fluid by altering the
swimming direction of their helix, where no change was found [163]. Therefore, it is likely
these influences in this regard are not a driving factor in the case descried here. However,
it is very possible that this will occur when viscoelastic fluids are analysed in the following
chapter. Even with the very little time dependence of the shear thinning fluid, residual
stresses or similar may still be present in the previously sheared fluids by the flagella that
the body would feel in the power stroke as it is “following” the flagella through this fluid.
However, in the recovery stroke this would not be apparent as the swimmer becomes an

effective pusher.

6.4.5 Polymer interactions

A further interaction that may be influencing the stroke is the flagella interacting with

individual polymers. The assumption has been made thus far that all interactions in the
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fluids are in the continuum. However, the length scales of the polymer strands within
Xanthan gum are not too dissimilar for the flagella characteristics. The diameter of the
flagella (200nm) [101, 102], is similar to the radius of gyration of Xanthan gum, which
is 241 nm [309]. Therefore, it may be possible for the flagella to be interacting with the
individual polymers with the polymers potentially tangling in the flagella or simply making
it harder for the flagella to move through the fluid [179,310].

Furthermore, V. Martinez et al. stated the possibility of the flagella of E. coli to
pass through the polymers, not interacting with them and not causing them to stretch
or create a shear response [27]. D. salina’s flagella are larger than E. coli’s. However,
it is possible the flagella like in E.coli could be passing by the polymers, having little
influence on their stretching profile. If true, the flagella, rather than shearing the fluid and
feeling low viscosities in this regard, would simply pass by the polymers essentially feeling
close to the base solution (medium or medium with Ficoll) and thus presenting a different
reasoning behind the response in Figure 6.3 and discussed in Section 6.4.1. The primary
shear thinning response would then be controlled by the body as it moved through the

fluid as it stretched the polymers.

6.4.6 Passive vs active swimming

One question that can be posed and has been discussed in the literature with no definitive
answer [24,141] is whether a change in stroke dynamics is passive or active. Active stroke
change is when the swimmer changes its stroke actively to counter new complex fluids
and passive when the swimmer has no control in the presence of complex fluids. Another
possibility is that the stroke pattern of the swimmer has been developed through the
evolutionary process so it can work in both a Newtonian and complex fluid as efficiently
as possible.

The question of whether D. salina have the ability to alter their stroke to overcome

complex fluid interactions to maintain efficiency is primarily a biological one. From the
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data, it is apparent a shift is seen in favour of the recovery stroke, seemingly reducing
the effectiveness in terms of the velocity ratio relative to the power stroke. It cannot be
stated for certain, but the fact the swimmers’ efficiency is decreased it would be suspected
that the swimmer does not have active control of its stroke to maintain efficiency though
these fluids. However, the stroke could potentially be altering to make the movement “less
worse” or there may be an overall increase to both power and recovery strokes.

In their natural habitat D. salina would not come across complex fluids of this nature,
so it would seem strange for the swimmer to possess an ability to actively respond to
changing fluid stimuli. A biological method of active swimming has not been observed to
our knowledge, and the fact the swimming stroke reduces in efficiency would lead us to
believe that the response observed is passive and driven by the changes in fluid around the

flagella and body of the algae.

6.5 Defining an effective shear rate

In the work thus far, defining an effective shear rate of the swimmer and using it as a tool
for comparison to Newtonian solutions has been avoided to remove the uncertainties with
this method. The dialogue that follows discusses the effective shear rate the algae exert and
how appropriate it is as an approximation of swimming characteristics in complex fluids.
A comparison is drawn between the shear thinning results at different effective shear rates
based on approximate values of the body and flagella shear rates as often conducted within
the literature. The definition of an effective viscosity and examples used in the literature
can be found in Section 2.4.1.

The effective body shear rate calculated by Equation 6.1 of the swimmer in different
shear thinning solutions can be viewed in Table 6.3. An effective shear rate to define the
characteristic beating is often more complex to calculate. In the case of D. salina this is
related to the shear rate produced by the flagella. Many propositions have been discussed

in defining a characteristic beat effective shear rate [24,311] for such a swimmer and with
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the complex stroke pattern of the flagella, it can be difficult to gain an accurate estimate.
For the following, a nominal high shear rate (1000s~!) is examined. This high shear value
was chosen from experimental observations and is by no means representative, it purely
aims to give a rough approximation of the flagella shear and a comparison range to compare

to the body effective shear rate.
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Figure 6.7: (A) Power stroke time plotted assigned body effective viscosity and 1000s~!
giving an effective viscosity for comparison to Newtonian solutions, (B) power amplitude,
(C) power stroke velocity.

Calculating the viscosity based on the defined body and flagella effective shear rates
and plotting for each individual swimming attribute as shown in Figure 6.7 for the power
stroke, shows the variation in the body and flagella shear. The stroke times for all cases

lie close to the Newtonian cases at a shear rate of 1000s~! (Figure 6.7 (A)) showing the
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apparent large shear rate produced by the flagella. Whereas the amplitude is presented
differently, with Newtonian cases lying in-between the calculated flagella and body effective
viscosities (Figure 6.7 (B)). Similarly, the Newtonian power stroke velocity as viewed in
Figure 6.7 (C) lies in-between the XG results at effective viscosities corresponding to body
and flagella velocities.
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Figure 6.8: (A) Recovery stroke time plotted assigned body effective viscosity and 1000s~!
giving an effective viscosity for comparison to Newtonian solutions, (B) recovery amplitude,
(C) recovery stroke velocity.

In regard to the recovery stroke, calculating estimates of the effective viscosity do not
follow the same dynamics as those found in the power stroke. As previously discussed
(Section 6.3) the recovery stroke follows very different behaviour to the power stroke, with

an apparent increase in stroke time and amplitude in relations to Newtonian swimming.
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For the time spent in the recovery stroke (Figure 6.8 (A)), the XG results based on the
effective viscosity from the body velocity lie closer to the Newtonian data than was observed
for the power stroke, while the amplitude (Figure 6.8 (B)) follows closer to the apparent
defined high flagella shear rate.

These results for both the power and recovery stroke show clear differences in the
effective viscosity calculation in terms of the stroke dynamics captured through this work.
While it may be possible to capture individual dynamics, a single effective viscosity does
not capture the full stroke dynamics across both power and recovery strokes, assessed in
this work. Furthermore, it is apparent there is a large spread in shear rates present across
the stroke with, in the power stroke, the flagella seemingly exhibiting very high shear rates

and body much lower.

6.5.1 Challenges of defining an effective shear rate

In the following section, the challenges plus some other considerations will be discussed in

regard to calculating an effective viscosity of a swimmer of this nature.

1. Difficulties in the flagella shear approximation

e The flagella is a complex structure and calculation of a reasonable effective shear
rate possess many challenges. For swimmers of this type, the beating frequency
has been used in previous works [24]. In Figure 6.7 (A) it seems the power stroke
beating time matchs shear rates close to 1000s™!, significantly higher than the
beating frequency approximation. Thus, it would seem a more complex method

of defining the shear rate produced by the flagella is needed.

Riley and Lauga propose an average shear rate across a waving flagellum to be

defined as [311]

CNVf

= 5y
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02
Vi = \/ng +2-L x V2 (6.3)
C'N

where V; is the flagellum velocity, C7 and Cy the normal and tangential re-
sistance coefficients and Vp and Vy the normal and tangential flagella velocity
components. This function is highly dependent on the flagellum dimensions
and velocities [311], values that require in-depth analysis of the flagellum beat
pattern and characteristic dimensions. This analysis, due to equipment limita-
tions, could not be conducted sufficiently in this work. Of particular challenge
is capturing the normal and tangential velocity components of the stroke across

the full range of solutions measured.
2. Large changes in shear rate

e The large changes in the shear rates produced by the flagella and the body lead
to difficulties approximating an average between the two. Convention is the
average between the body and flagella shear rates is taken as the effective shear
rate. While it is possible to estimate both these values with varying degrees
of validity depending on methods, it seems clear that the variation between
the two is large for D. salina. Therefore, if one has a dominant effect over the
other, taking the average between these values will not capture this change.
Furthermore, trying to capture the two vastly different shear rates with a single

overall shear rate is inherently unrepresented of the whole swimming stroke.
3. Stroke decoupling

¢ Another challenge to assigning a body and flagella shear rate is the link between
the two, with both sharing an inherent reliance of the other. Any changes to

the body dynamics will affect the flagella and vice versa.

4. Polymer interaction
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o Finally, the effects of polymer interactions have not been sufficiently quantified
to include or discard their influences on any effective shear viscosity. If the
flagella do pass by the polymers [27] having little influence on the stretching
profile of the polymer, the defined effective shear rate of the flagella would have
to incorporate this, with potentially the body being the primary driver of a true

shear thinning response.

Taking all these uncertainties into account, it is clear that defining a singular effective
shear rate for a swimmer of this type provides many challenges and deep knowledge into
many dynamics of the swimmer’s stroke should be undertaken beforehand. Even with
an accurate effective shear rate of the body and the flagella, difficulties still arise in the
interaction between the two and the dominance on either on the swimming stroke. For
swimmers where the characteristic beating shear rate and body shear rate are close such
as C. elegans the effective shear rate calculation may simplify, but for a swimmer such as

D. salina it may not be an applicable method of comparison.

6.6 Effect of shear thinning properties on swimming velocity

Defining whether shear thinning properties have a positive or negative effect on the swim-
ming velocity is difficult to conclude from the data obtained through this work. A definition
of the changes to velocity relies on a comparison to a Newtonian case, as it is heavily in-
fluenced by the viscosity of the fluids. Shear thinning fluids make this difficult due to the
viscosity dependence on shear rate.

If compared to the zero-shear viscosity, shear thinning properties will always likely
lead to increases in velocity as the viscosities are always decreased across the swimmer
compared to the polymer-free medium. However, to increase swimming velocities it may
not be as simple as adding a shear thinning agent to a medium and increasing velocities,

as the addition of any agent will inherently increase the viscosity of the fluid.
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Compared to the body shear rate, the swimmer showed an increased velocity and an
apparent thrust increase (Figure 6.6). This is as a result of the flagella feeling a reduced
viscosity relative to the body. If compared to the flagella shear rate, the velocity will
likely always be reduced. Convention dictates that an effective shear rate can be taken
as the average between the flagella and body effective shear rates, and this may prove
to be an efficient measurement to define velocity increases or decreases from non-trivial
viscosity swimming dynamic changes. However, as mentioned, this method presents many
difficulties in its calculation.

Through analysis of the stroke dynamics, it was apparent that shear thinning fluid
properties led to a shift in favour of the recovery stroke in terms of the velocity ratio between
the two. This was increased with the power-law index of the fluid and increased viscosity.
Therefore, it would seem that the overall efficiency of the stroke is decreased and thus,
that the swimmer would swim slower in a shear thinning fluid. However, it is not possible
to determine the quantitative change in swimming rate at a specific viscosity without a

way to determine the appropriate Newtonian and shear-thinning cases to compare.

6.6.1 A note on artificial swimming

For the application of designing an artificial swimmer that may need to navigate shear
thinning fluids, it would generally be desirable to produce a swimmer with the greatest
efficiency. The results presented in this work show challenges in using the dynamics to
increase the efficiency in the stroke. If the dynamics of the recovery stroke relative velocity
enhancement can be understood, utilised and reversed, so they apply to the power stroke
such that the velocity ratio enhancement between the two favours the power stroke, it may
be possible to increase the swimming efficiency of such type of swimmer. This may be as
simple as placing the flagella at the rear of the body and pushing the swimmer through
the power stroke rather than pulling. However, much greater detailed work would have to

be conducted to fully quantify this.
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6.7 Conclusion

To conclude, a marked change in stroke dynamics has been observed under the influences
of a shear thinning fluid. The power stroke was found to experience a reduction in both the
amplitude and time spent in the stroke, an attribute that was related to the flagella feeling
a reduced viscosity of the body either by its larger produced shear rate or by passing the
polymers within the solution. In contrast, the recovery stroke experienced the opposite,
with an increase in amplitude and stroke time relatively. The recovery stroke changes could
not be attributed to simple viscous changes, and therefore must be a method of some other
non-trivial factors. Furthermore, the recovery stroke experienced an enhancement in terms
of the stroke velocity, compared to the power stroke and thus the swimming efficiency
seems to decrease in a shear thinning fluid. The addition of viscosity seems to increase this
favourable shift towards the recovery stroke. From this analysis it has been shown that
the power-law exponent is a poor defining characteristic of shear thinning properties and
the viscosity and possible the solvent viscosity play an important role.

At the start of this work, it was hoped an effective shear rate could be quantified.
However, as the analysis progressed, it became apparent this method was not practical
due to difficulty defining the flagella shear rate and the large variations in shear rate across
the body and flagella. Therefore, this method was deemed unfit for this analysis as detailed

flagella imaging would have to be undertaken, which was not possible.
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Chapter 7

Swimming in viscoelastic fluids

7.1 Chapter overview

This chapter focuses on the effects of viscoelasticity on the swimming kinematics of D.
salina. Firstly, the fluid rheology is introduced giving a description of the key rheological
parameters such as viscosity curves, relaxation times and the critical concentration. The
chapter then moves focus to the swimming kinematics, starting with the swimming veloc-
ities captured with a conventional camera. Thereafter, the stroke dynamics are presented
in the presence of viscoelastic fluids and a discussion conducted into the effects of these

fluids on the swimming characterisation.

7.2 Fluid properties of modified medium with Polyacrylamide

Polyacrylamide (PAA) is a long chain polymer known for its viscoelastic time dependant
properties when diluted into an aqueous solution (Section 3.3.2.4) [312,313]. These prop-
erties are utilised in the characterising of Dunaliella salina’s response to viscoelastic effects
of their medium. High molecular weight Poly(acrylamide/sodium acrylate) [70:30] (Poly-
sciences) was used as the polymer of choice throughout this work (MW = 18000 000).

PAA was added to the medium as described in Section 3.3.2.5 creating solutions of varying
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viscoelasticities.

7.2.1 Shear rheology of modified medium with PAA
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Figure 7.1: Flow curves showing the steady shear viscosity of polyacrylamide solutions.
All the fluids show varying shear thinning properties. The minimum measurable torque
represented by the purple dashed line is calculated from Equation 3.10.

The shear viscosity flow curves are plotted in Figure 7.1 for the viscoelastic solutions
analysed. As well as viscoelasticity, the solutions are seen to exhibit shear thinning be-
haviour. It should be noted that in this work, PAA solutions are notated in terms of %
concentration and XG by parts per million.

As discussed in Section 3.2.1, D. salina are a halophilic alga meaning they live in salty
environments and to mimic their natural habitat the medium contained a large concentra-
tion of salt (Section 3.2.1). Unlike Xanthan gum, which shows no interaction with salts,

the properties of polyacrylamide solutions are significantly altered by its presence. Sodium
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ions in the salts, cause the polymer chains to coil which in turn decreases their hydrody-
namic volume. This has the two-fold result of reducing the viscosity as well as the elastic
properties of the polymer solutions [234, 235,314, 315]. All rheological measurements were

conducted with the medium as the base solution and thus have the full salt concentrations.

7.2.2 Extensional rheology of medium with PAA

As well as the shear rheology, the extensional rheology of the PAA solutions was quantified
to characterise the elastic response of the fluids under extension. This was carried out
using the CaBER as described in Section 3.3.4. The PAA solutions showed an increase in
relaxation time with increasing concentrations (Table 7.1) increasing from 25.8 ms in the

lowest concentrated solution to 188 ms in the highest.

Table 7.1: Extensional rheology data of PAA solutions with the longest extensional relax-
ation times determined from CaBER measurements.

PAA concentration ‘ Relaxation time )\ (ms) ‘ STDEV

0.025% 25.8 2.69
0.055% 49.5 2.27
0.075% 60.9 2.8
0.1% 69.1 5.1
0.11% 72.2 3.2
0.15% 94.5 3.5
0.175% 96.8 2.9
0.5% 188 2.1

7.2.3 Ciritical overlap concentration of PAA

A further important characteristic measurement of a polymer solution, such as the ones
used in the work here is, the critical overlap concentration (c*), the transition from the
dilute regime [314,316]. This definition is of significance, as a worm type swimmer has been
observed to gain a significant enhancement in velocity after the cross-over point is reached,

albeit the solutions reached a fully concentrated state [26]. The critical concentration can
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Figure 7.2: Viscosity variation with PAA concentration showing the point of critical overlap
concentration, with regimes denoted by pink circles and orange triangles (1% solutions is
included for line fit). Critical concentration is calculated from intersection of power fits
(viscosity measurements taken at 15s71).

be visualised by plotting the polymer concentration against the viscosity in log-log (Figure
7.2). The cross-over point was calculated at the intersection of the two regimes and was
found to be 0.061% at a shear rate of 15s~'. The range of PAA concentrations used in this

work varies from 0.025% — 0.5%, thus crosses this critical concentration threshold.
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7.2.4 Weissenberg number

The Weissenberg number as defined in Section 1.3.2 is an important dimensionless number
used when non-linear elastic effects are present.

Here, the Weissenberg number is defined as the product of the characteristic shear rate
produced by the swimmer and the relaxation characteristic of the fluid (Wi = A\Y). As
shown in Chapter 6, D. salina produce shear rates that vary significantly across its flagella
and body, and thus the Weissenberg number will also vary across the swimmer. The body
shear rate for the analysed solutions is calculated using Equation 6.1 and was found to be
below unity for all cases examined. As for the flagella, as discussed in Section 6.5.1 it was
estimated the characteristic shear rate to be in the region of 1000s~! from the stroke times
in a shear thinning fluid. From this very simple analysis, it becomes clear that the flagella
will experience much higher Wi numbers than the body (Table 7.2). Therefore, it is likely

the response to viscoelasticity will primarily be caused by the flagella.

Table 7.2: Body and flagella Wi numbers defined as Wi = A¥, where the shear rate is
taken as the approximate shear rate at the body and flagella.

Solution Concentration | Body Wi | Flagella Wi

0.025% 0.234 25.81
0.055% 0.377 49.53
0.075% 0.370 60.92
0.11% 0.291 69.07

7.3 Swimming velocities in viscoelastic fluids

A summary of the recent work into the effects of viscoelasticity on the swimming of mi-
croorganisms is provided in Section 2.2 with often the overriding question being whether
elastic effects aid or hinder such swimmer’s motion. However, no clear definition suitable
for all microswimmers has been proposed, and the effects vary depending on swimmer type,

motility method and type of polymer.
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Figure 7.3: Net swimming velocity as a function of PAA solution concentration. Swimming
velocity decrease is primarily due to increases in viscous forces with increasing solution
concentration. The inset shows velocity in relation to the relaxation times of the viscoelastic
fluid.

As with the previous analysis carried throughout in this work, the first step taken is
to analyse the global net motion of the swimmer, as defined in Section 4.2.2.2. Figure 7.3
shows the change in swimming velocity in regard to the concentration of the PAA within
the medium. A clear reduction in velocity is seen with increasing concentration. This
would be expected as it follows the increase in viscous forces with concentration increase.
The inset of Figure 7.3 shows the change with respect to the relaxation time of the fluid
with similar findings, again following a decrease with increasing relaxation times.

From the initial data, no clear and obvious change in gait is determinable at the critical

cross-over point (0.061%) with the data following the expected trend.
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Figure 7.4: Net swimming velocity in highly elastic solution, showing little deviation from
overall trend and observations in Newtonian highly viscous fluid.

7.3.1 Swimming at very high relaxation times

The discussions thus far have focused on the lower end of the viscosity spectrum below the
point non-swimming as defined in Section 5.4.2. Further to this analysis, it is important
to look at higher concentrations to discern any highly elastic effects and ascertain if they
can become dominant over the viscosity. Therefore, a solution of 0.5% PAA was analysed
with a relaxation time of 188ms.

Figure 7.4 extends the plot in Figure 7.3 to include the data for 0.5% PAA. The data
lines up very closely to that of the highly viscous case in Section 5.4.2 with the velocity
sitting slightly above the defined point of non-motility. Therefore, it can be stated that

for this concentration, elastic effects do not overcome the viscous forces.
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7.3.2 Shear thinning decoupling

As seen in Chapter 6, D. salina are influenced by shear thinning properties of the medium.
As aqueous PA A solutions are shear thinning, it is important to decouple the effects of shear
thinning and viscoelasticity throughout the analysis. Therefore, the analyses completed in
Chapter 6 will be drawn upon throughout the next sections in an attempt to decouple any
viscoelastic responses from shear thinning.

Ideally, a viscous comparison would be drawn to the Newtonian cases, but as discussed
previously this was avoided due to the inconsistencies with the definition of an effective
viscosity (Section 6.5.1). Therefore, to decouple the two responses, the rheological prop-
erties of the shear thinning and viscoelastic solutions need to be understood and related
through the analysis.

When a rheological comparison is drawn with the XG and PAA solutions, some no-
table solutions of comparable rheological are found. The PAA solution of concentration
0.075% shares a similar power-law index (n ~ 0.857 (XG)vsn = 0.864 (PAA)) than
that of the 250PPM XG solutions and in terms of viscosity, the PAA solution (0.075%)
lies halfway between 250PPM—2% and 250PPM—4% (Figure 7.5). Therefore, if purely
in regard to the shear thinning properties, in this solution, the algae should exhibit a
response that lies between the two XG solutions. Another further comparison could be
drawn between 250PPM—2% and 0.055% which display very similar rheological properties,
with the Xantham gum solution displaying a slightly higher power-law index (n ~ 0.857
(XG)vsn =0.864 (PAA)).
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Figure 7.5: Comparison of the shear rheological data of the PAA solutions with that
of the 250PPM Xanthan Gum. Particular note should be taken of 0.055% PAA /
250PPM—2% and 0.075% as it has similar power-law index as 250PPM XG and lies in
between 250PPM—2% and 250PPM—4% in terms of viscosity.

7.3.3 Swimming in solutions of comparable rheology

For this stage of the analysis, the different algae dynamics in the solutions of comparable
rheological properties (as disused in the previous Section, Section 7.3.2) are compared.
A comparison of the velocity distributions are plotted in Figure 7.6 where 0.055% PAA
and 250PPM—2% XG-Fic share similar rheology and 0.075% lies in between 250PPM—2%
and 250PPM—4%. For both these comparisons, a clear difference between PAA and XG
swimming is present, with both the power and recovery stroke velocities for the viscoelastic
solutions appearing higher than the shear thinning. In relation to the stroke amplitude
and beating frequency (Figure 7.6 inset) the algae in the PAA solutions maintain a much

greater beating frequency and the amplitude is similar to the comparable XG case for
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Figure 7.6: Velocity distributions of algae in solutions of comparable rheology (0.055%
PAA / 250PPM—2% and 0.075% between 250PPM—2% and 250PPM—4%). Inset shows
the beating frequency and amplitude of the solutions, showing that the increased velocity
is mostly driven by the increased frequency. Percentages relate to PAA concentration and
additional Ficoll in XG solutions.

0.075% PAA. The increase in amplitude in 0.055% on the comparable XG case may be
due to the difference in viscosity at the body shear rate due to the slightly different power-
law indices. Therefore, it seems that this velocity enhancement is primarily driven by the
increased beating frequency in the viscoelastic solutions.

However, for these solutions, one property that has not been maintained is the solvent
viscosity. The Xanthan gum solutions used in this analysis include additional Ficoll which
would be assumed to increase the solvent viscosity from the base, which is not the case
in the PAA solutions as they do not possess the extra Ficoll. As discussed previously
(Section 6.4.1), the flagella (either by producing a very large shear rate or passing by
the polymers) seem to feel the (or very close to the) solvent viscosity of the fluid they

are immersed in. If true, this may be the reasoning behind the differences in beating

204



Chapter 7. Swimming in viscoelastic fluids

frequency in the comparable solutions discussed as the flagella are feeling significantly
lower viscosities in the PAA solutions, thus showing the response is not entirely dependent
on the viscoelasticity. Therefore, it is not possible to attribute the differences in dynamics

purely to elastic properties of the fluid.

7.3.4 Stroke dynamics in a viscoelastic fluid

To further analyse the response to viscoelastic fluids, similar analysis methods are con-
ducted as previously undertaken in the shear thinning fluid cases (Section 6.3).

The first stage of this process is to analyse the average amplitudes and stroke times for
the power and recovery stroke in relation to their Newtonian counterparts, reducing the
stroke down to its simplest form (Figure 7.7). In regard to the power stoke (Figure 7.7 (A)),
the data follows similarly to the response observed in the shear thinning solutions without
any additional Ficoll. For the solutions with low PAA concentration, the stroke times stay
remarkably close to that displayed by swimmers in the medium with no rheological agents.
In some solutions a stroke time less than that in the medium is displayed. However, this
is likely due to experimental uncertainties rather than a physical response.

The recovery stoke, in the most part, shows similar data to the shear thinning solutions.
However, there are notable disparities in the data, with the viscoelastic solutions displaying
a varied response across the solutions analysed. However, within the error it is difficult to
denote a significant deviation from the shear thinning trend.

To provide further insight, the relative scaled stroke dynamics in reference to a full
stroke are analysed (tpow/ts & Apow/Anet) as displayed in Figure 7.8. For the viscoelastic
solutions, displayed in green, as would be expected, a relative shift in amplitude and time
is observed. This follows the trends found in shear thinning solutions (Section 6.3) and
it may be suggested that the dynamics presented are dominated by the shear thinning
properties of the viscoelastic fluid. From the data thus far, it is difficult to note swimming

dynamics that can be purely attributed to an elastic response, as the responses observed
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Figure 7.7: (A) Average stroke amplitude and time for power stroke in shear thinning,
viscoelastic Newtonian solutions. Percentages relate to the addition of Ficoll in shear
thinning solutions (red), PAA concentrations (green) and Ficoll concentrations (blue).
Example error representative of entire data set is displayed on medium data point, relating
to standard deviation of population. Each point consists of data from between 8 - 15 algae
representing approximately 1000 data points. (B) Recovery stroke.

can be attributed to the shear thinning properties of the medium.

The ratio of the power and recovery stroke velocities is plotted in Figure 7.9. It is
apparent that the velocity ratio (Vjow/Vyec) in the viscoelastic solutions decreases in favour
of the recovery stroke with increasing concentration. A factor likely in part induced by the
shear thinning nature of the fluid. However, the viscoelastic solutions feel the reduction
in stroke efficiencies at a lower power-law index than the shear thinning fluids without
Ficoll. As the visoelastic solutions should share similar solvent viscosities to the base shear
thinning solutions, this may not be the reasoning behind the reduced velocity ratio, and it
is possible the elasticity in the solutions are partly responsible for this change. However,
difficulties are still present, as differences in the viscosity of the solutions may also be
influencing this change, as seen in XG solutions with Ficoll.

Thus far it has not been possible to relate any of the apparent stroke dynamics changes
to a purely viscoelastic response, as the variation in strokes observed could also be related
to variations in the solvent viscosity. The analysis has focused on decoupling the shear

thinning and elastic responses. However, total decoupling of shear thinning effects from
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viscoelastic presented challenges as the power-law index, general viscosity and solvent
viscosity all seem to play a part in the stroke response. In an attempt to combine the
features into a single metric, the effective body shear viscosity was calculated as in Section
6.4.1.1. This can be viewed in Figure 7.10 (A) plotted against the local swimming velocity.
The viscoelastic solutions again display similar characteristics to shear thinning solutions.
Thus, it is likely that for the solutions analysed the response observed of the swimmer
in viscoelastic solutions is primarily dominated by the shear thinning properties of the
solutions rather than elastic elements. Furthermore, the calculation of the viscous drag
in Figure 7.10 (B) shows the expected trend, following the analysis of the shear thinning
solutions. Therefore, from the data presented, it is not possible to relate specifically any

of the swimming dynamics purely as a response to elastic elements with the fluid.
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7.3.4.1 Swimming orientation

Table 7.3: Viscoelastic power-law fit of local MSD with diffusion coefficient and exponent
extracted from the fit.

Fluid Power-law fit Diffusion Diffusion
Concentration wer-iaw Coefficient | Exponent
0.025% y = 750.821-869 750.8 1.869
0.055% y = 361.121-842 361.1 1.842
0.075% y = 171.921832 171.9 1.832
0.11% y = 94.3621% 94.36 1.850

The swimming orientation dynamics was analysed as in Section 4.2.2.4 for the swimmers
in viscoelastic solutions. The MSD results can be viewed in Table 7.3. In comparison to the
Newtonian and shear thinning cases, no significant notable shift in the dynamical swimming
properties was observed. The diffusion exponent and characteristic times fall in the similar
ranges observed in the other solutions. Therefore, it seems by this analysis viscoelasticty

does not affect the swimming orientation of D. salina by the metrics analysed.

7.4 Discussion

As the power-law index, general viscosity and solvent viscosity all seem to influence the
swimmer’s response to complex fluids, full decoupling of these effects from any viscoelastic
responses is challenging. For the viscoelastic solutions analysed, any variation from the
Newtonian base seem to primarily be controlled by the shear thinning properties of the
solutions with some hints of an elastic response. That being said, a response to viscoelastic
solutions has been observed in a number of swimming species and models, as discussed in
Section 2.2, and it is possible that the viscoelastic response is being masked or working in

unison with the response to shear thinning properties.
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The following section discusses the possible elastic influences on the swimmer. It should
be noted that this list is not definitive, and many complex interactions could be present

around the swimmer.

1. Elastic stresses

e The build-up of elastic stress around the flagella is a mechanism that has been
discussed and modelled previously. It has been predicted that regions of con-
centrated stresses can build up near the tips of swimming appendages and can
have significant bearing on the active forces of the filament [24, 72,167, 168|.
Furthermore, elastic stress have been shown to accumulate along the tangential
flagella axis, potentially affecting the ratio between normal and tangential resis-
tance coefficients of the flagella [167]. These elastic forces have been shown to
produce an increase in velocity in both power and recovery stroke, but weighted
in favour of the recovery stroke. It is possible the same dynamics are seen in
this work and the boost in recovery stroke velocity over the power in viscoelastic
fluids (Figure 7.9) is by the mechanisms disused by Li [24,167]. From this it
may be apparent that in terms of the velocity ratio between strokes, the shear
thinning properties give an initial boost in favour of the recovery stroke with

the viscoelastic solutions adding to this boost with an additional increase.
2. Non-Newtonian wake

e The build-up and subsequent relaxation of elastic stresses is pronounced for
swimming organisms as it is possible for the relaxation time to become com-
parable to the beating frequency and thus leading to Deborah numbers close
to unity (De = A/ts, Section 1.3.2). These values for this experimental work
can be viewed in Table 7.4. It is clear that the longest relaxation time of the
fluid calculated using the CABeR is in proportion to the beating time for the

majority of cases.
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Table 7.4: Comparison of beating times and the fluid relaxation time present in viscoelastic
solutions. The two metrics are comparable, with De number increasing with solution
concentration.

Concentration | time (ms)

Solution Relaxation Stroke time (ms) | Deborah number

0.025% 25.8 33.8 0.76
0.055% 49.5 34.1 1.45
0.075% 60.9 34.4 1.77
0.11% 72.2 40.0 1.80

Therefore, the flagella and the body may be moving through regions of non-
Newtonian wake where region of residual stresses are still prevalent. These
regions of non-Newtonian wake would be most prevalent at the onset of each
individual stroke. i.e. as the swimmer moves from the power to recovery stroke.
It is possible they may be a factor in the slight variation in the flagella power
stroke beating frequencies (Figure 7.7) as it may provide a mechanism of easing

swimmer’s flagella and body movement though the fluid [163].

3. Polymer interactions

e As discussed in Section 6.4.5 under shear thinning influences, the flagella in-

teractions with individual polymer strands is a possibility that cannot be ruled
out without detailed analysis. The radius of gyration of PAA (140 nm) as with
XG is comparable to the swimmer’s flagella diameter(~ 200nm) . Furthermore,
the effects of salts altering the polymer makeup may be influencing polymer
interactions, and are a possible reasoning behind the lack of clear swimming
variation in the elastic fluids.

Further, as with Xanthan gum (Section 6.4.5) it may be possible for the flagella
of the algae to pass the polymers having little influence on their stretch profile.
Thus, the flagella would not be influenced to a large extent by the polymer and

the primary response to the fluid would be controlled by the body which as seen
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in Table 7.2 are under the influence of relatively small Weissenburg numbers.
Hence, this could provide possible explanation behind the dominance of the

shear thinning behaviour.
4. Other influences

o Further to the points discussed, there may be other unknown influences on the
changes observed in swimming dynamic. Some of these influences were discussed
previously in Section 6.4 and may be a factor such as passive vs. active stroke

dynamics, flagella shape and viscosity gradients.

7.5 Does viscoelasticity improve swimming velocities

The question of efficiency and whether elasticity will enhance swimming velocities under
viscoelastic influences is difficult to answer under the conditions examined. Defining the
effects of elastic solutions has been difficult for the cases examined, with no notable stroke
variations for the fluids examined. Therefore, for the experimental set-up it seems that
elastic influences have very little influence on the swimming stroke. Of greater importance
seems to be the shear thinning properties of the fluid, and this has a dominant influence
on the swimming dynamics. As seen in many other swimmers, these results are apparent
for this particular swimmer and fluids analysed, varying the swimmer or type of fluid may

alter these findings and could lead to be better understanding of the dominant effects.

7.6 Conclusion

To sum up, the stroke dynamics observed in a viscoelastic fluid display a clear and obvious
shift in dynamics from Newtonian solutions. The stroke time and amplitudes are found to
be reduced in the power stroke and increased in the recovery stroke, and a favourable shift

in favour of the recovery stroke was observed. However, due to the confounding effects of
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elasticity and shear thinning it is not possible to see dynamics clearly driven by elasticity
and the primary response seems to be driven by the shear thinning properties within the
solutions. This is not to say that elastic influences are not present, but that shear thinning
properties in this case seem to be dominant in defining the swimmers’ stroke response.
Further work would need to be conducted on the flagella beat pattern or altering fluid
properties to ease the shear thinning/viscoelastic decoupling process to fully quantify the

effects of viscoelasticity on the swimming dynamics of such a swimmer.
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Interaction with solid surfaces

8.1 Chapter overview

All the measurements presented in the above results sections are based on algae swimming
in microfluidic chambers with solid boundaries, but focus on the swimming behaviour in
bulk. In this chapter, however, the alga interactions with solid boundaries are examined,
as in many applications and natural scenarios algae and other swimmers will be close to
and interact with similar boundaries. Initially, the methodologies used for data collection
and analysis is described, giving details about the types of interactions and their defining
characteristic. The analysis that follows is based on the statistical observations on alga wall
interactions based of characteristic variables on approach, escape and at the wall’s surface.
From these observations, suggestions on the likely dynamics behind such interactions will
be discussed. Here, only algae swimming in their original medium (HWMM) are analysed,

thus complex fluids or fluids with different viscosities are not examined.

8.2 Methodology of wall response

The process of the collection of data for the wall interaction analysis followed very similar

processes as descried in Chapter 3 for the collection of data in complex fluids. However,
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only the algae in the vicinity of the boundary side walls (50 pm > y > 350 pm) were
considered. The algae location was captured and tracked on their approach to, interaction
with and scattering from the boundary, which were used as input for a homebuilt MATLAB
code to analyse the data, determining approach and scattering angles and velocities, as
well as the velocity, displacement and time spent at the wall. The analysis was conducted

with the algae in the unmodified HWMM of Newtonian rheology.

8.2.1 Channel properties

For the analysis of wall interactions, a channel with a depth of ~ 20um (Figure 8.1) was
used to produce a quasi 2D geometry for the algae, in-line with previous work using C.
reinhardtii [45]. The width of the channel was maintained at ~ 400 pm as in previous
chapters, and a 10X objective was used. Example wall bounce interactions are shown in
Figure 8.2.

While this method provided a suitable platform to visualise side wall interactions, it
also meant increased interaction with the upper and lower walls of the channel due to the

narrow depth [43,77]. This is discussed in more detail in Appendix F.

20.05um 409.91um

Figure 8.1: Microscope image of shallow (quasi-2D) channel cross-section (displaying height
(0) and width (w)) used to study D. salinas interaction with solid boundaries.
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Figure 8.2: Sample bounce interactions with walls taken from the dataset. The walls are
approximately located at y = Opm and y = 400 pm with iterations taken at the centre
plane. The approach (defined as 5 frames preceding reaching the wall), wall interaction
(when the algae were under 1 body length distance away from the wall) and escape (defined
as b frames post leaving the wall interaction) are all plotted.
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8.2.2 Wall interaction defining characteristics

For a discussion of wall interactions, specific defining dynamics and features must be de-

termined. These could then be used to prescribe a particular type of wall interaction.

Approach Escape

04, Va { \ O, Vg

wall Interaction Il Body length

>
VW: Xdist: tw

Figure 8.3: Schematic representation of the defining characteristics used to define interac-
tions with a solid boundary. A classic bouncing interaction is displayed, highlighting the
incidence and scattering angles (04,0g) and velocities (Vy4, Vg). Further, when the algae
remain within the region of 1 body length distance perpendicular to the wall (blue dashed
line) the time at the wall (¢,,), distance travelled at the wall (z4;5;) and the wall velocity
(Viy) are collated. Please note, the schematic is not to scale.

In this work, a swimmer was defined as under the wall’s influence when the centroid
position of the swimmer was less than 1 body length away from the specific wall. The
approach and escape, to and from the wall were characterised by two defining character-
istics, the approach (incidence) and escape (scattering) angles (64,0g) and corresponding
velocities (V4,VE). On approach, the angles to the wall and velocities of approach were
defined as the average of the corresponding instantaneous values of the 5 frames preceding
the algae reaching 1 body length distance from the wall. The escape velocities and angles
were defined as the average of the 5 frames subsequent to the algae reaching a distance
greater than 1 body length from the wall. A schematic diagram of the definitions of wall
dynamics can be viewed in Figure 8.3. The approach and escape angles were calculated in
relation to the direction the algae approached the wall, such that 64 is always less than
90°. Thus, the approach angle is independent of the direction of travel (left or right) or

which wall the interaction took place at. If the algae were to approach as seen in the
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Figure 8.3 and escape in the same direction as the approach, the escape angle would still
be referenced in the same manner and thus would be greater than 90°. This was defined
as a reverse bounce.

Further characteristics were measured while the swimmer was seen to be in contact
with the wall (defined here as within 1 body length from the wall) to give a description of
the dynamics while under the wall’s influence. These values were the average wall velocity
(Vi) which was calculated as the average of the instantaneous velocity between frames
across the full time the algae was in this region, the time spent at the wall (¢,,) and the
entrapment length (z4;5) which was defined as the = distance between the point of entry
to escape. It should be noted that the entrapment length was irrespective of the time and
velocity at the wall, and was purely calculated as the distance between the points of escape
and approach.

These parameters allow for a global discussion into how a particular swimmer interacts
when in proximity to a solid interface. The full list of defining characteristics can be viewed
in Table 8.1. Local interactions such as flagellum contact and the beating frequencies are
known to be critical in the process [44,45] but were not possible to capture using the

methods employed in this work.

Table 8.1: Defining characteristics of wall interactions.

Location | Characteristic symbol ‘ Unit ‘ Description
Approach Angle 04 © Angle of approach to the wall
Velocity Va pms~! | Velocity on approach to wall
Time tw S Time spent at wall
Wall Entrapment length | xg;s pm x distance between approach and escape
Velocity Vi pms~! | Average of Vj, at the wall
= .
Escape Angle O Angle after escaping the wall
Velocity Ve pms~! | Velocity at escape
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8.2.3 Types of wall interactions

In this work, the interactions according to the behaviours captured in each video were

classified. These behaviours are illustrated in Figure 8.4 and include:

1.1 Classic Bounce 2.1 Approach travel

3 2.2 Approach Stick
; 1.2 Reverse Bounce ; Q/

4, Adhere 5. Stuck

O

3. Escape

3.1 Stuck Escape ;

Figure 8.4: Schematic illustrations of the different types of wall interactions. Interactions
are displayed, with specific sub interactions also defined.

1. Bounce event

e To be defined as a bounce event, the alga must approach the interface, come
within 1 body length, and then after its interaction with the wall escape from
the wall’s influence (1 body length distance).

During the time spent at the wall, a number of different scenarios could occur.
A classic bounce was defined as a bounce that approached from one side and
escaped from the other such that 0 < 90° (Figure 8.4 (1)). Further to a classic
bounce, it was possible for the algae to escape in the same direction as the

approach (fg > 90°), defined as an reverse bounce (Figure 8.4 (1.1)).

2. Approach event
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e An approach event was defined as an alga approaching the wall and attaching
to the wall with no escape detected (Figure 8.4 (2)). After the contact, the alga
may have remained in the same position (Approach stick) or moved along the

wall (Approach travel).
3. Escape event

e An escape event was given the definition of when an alga had no approach event
captured in the video, but escaped from the wall (Figure 8.4 (3)). This may be
as a result of the alga being located at the wall before the onset of the video, or

if it was stuck at the wall and managed to escape its influence.
4. Adhere event

e An adhere event was defined as an alga remaining in the vicinity of the wall but

with the ability to travel along the wall (Figure 8.4 (4)).
5. Stuck event

¢ An alga with no movement at the wall was defined as an alga stuck at the wall

(Figure 8.4 (5)).

For the definition of wall travel in the case of approach travel (2.1), stuck escape (3.1)
and adhere (4) the alga must travel at least 100 pm along the wall.

It was possible that through the methods used, some genuine bounces could be de-
fined as an approach followed by an escape event, splitting the bounce into two separate
interactions. This would be presented if the track was lost within the wall region. It was
particularly common if two algae came in contact with each other at the wall’s surface. To
reduce the likelihood of these errors, each track was analysed to ensure any loss of tracks

were either combined or removed from the analysis.
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Further difficulties appeared as it was possible for algae to swim in and out of the field
of view while at the wall. This occurred at the edges of the video frame and through this
action, it was possible for a bounce event to appear as purely an escape or an approach
interaction. Algae displaying this behaviour were removed from the analysis.

For the experimental set up used, the length of the video had an impact on the inter-
actions. As the video times were relativity short (1 minute), the interactions were thus
related to this short time frame. For example, an alga coming into contact with the wall
and spending over a minute at the wall before escaping may be seen as a stuck alga by the
methods conducted. Thus, the determination of the wall interactions may be influenced
by the experimental set-up and some interactions under or over-represented compared to

a sufficiently longer system.

8.3 Wall Interactions

This section introduces and discusses the probability of the type of interactions displayed
by the algae in contact with a microfluidic geometry boundary for the experimental set up
described.

Figure 8.5 displays the range of interactions observed across the full population of algae
in regard to the approach to the wall. The highest proportion of interaction represents algae
that come into contact with the wall and proceed to bounce away from the wall’s influence
(79.3% of interactions) in-line with what has been observed with C. reinhardtii [45]. The
remainder of the interactions were either an approach stick or an approach travel. With the
limitation of the video length, it is possible that the percentage of wall bounce presented
is slightly under-represented of the real value, as a proportion of the algae at the walls at

the onset or termination of the video may be misrepresented.
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Figure 8.5: Probability of interaction events as D. salina approached the wall.

8.3.1 Bounce interactions

As the dominant interaction of the algae is to bounce from the wall’s surface, the majority
of the analyses that follows focuses on these events, detailing the defining characteristics
and dynamics observed. For reference, the defining characteristic of a bounce event can be
viewed in Table 8.1.
Approach/escape angle:

Perhaps the most applicable metric for wall interactions is the approach and escape angles,
which are plotted in Figure 8.6 for individual bounce events with a density plot in the
background. The red points denote a classic bounce and green points a reverse bounce,

which can also be discerned by an escape angle greater than 90°.
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Figure 8.6: Approach and escape angles of D. salina with density plot overlayed beneath.
Each point represents a bounce event with an approach and escape angle. Red points
denote a classic bounce, while green points show a reverse bounce.

The approach angle of the algae forms a generally random distribution with a tendency
to approach close to the median (45°) with an average of 04 = 52.2°, slightly above this

median value. An approach angle of close to the median value may be expected to satisfy
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a random approach. However, due to difficulties for the swimmer in maintaining a very
small angle (close to 0°) on approach to the wall, the average approach angle is seen to be
slightly greater than the median. On the other hand, the algae are seen to scatter from
the walls at significantly lower angles, with the average escape angle of a classic bounce
found to be 35.7°, notably below 45°. Similar results have been previously seen in C.
reinhardtii [45] and have been shown to be linked to the morphology of the flagellum and
longitudinal rotation of the body [186].

Upon analysis of the relation between approach and escape angles, it is apparent that
the two appear not to be linked such that the approach angle cannot predict how the algae
escape from the wall. The one exception to this observation is in large approach angles,
which increase the likelihood of a reverse bounce occurring (g > 180°). Upon observation
of these interactions it seems in the majority of cases this is caused by the algae spinning
inwards towards the wall, resulting in the algae facing the same direction as entry.

Approach/escape velocity:

The average velocity on approach to the wall for a classic bounce was found to be
Va4 = 59.1pms~! which is greater than the approximate channel velocity calculated in
Appendix F. This is expected as faster swimming algae have an increased likelihood of
interact with the wall.

The escape velocity (Vg = 56.5pms™!) was again found to be higher than the overall
bulk swimming velocity, but slightly smaller than the approach velocity. This suggests
that through the wall interaction, the algae velocity was reduced slightly, and they did
not recover fully to their approach velocity in the time frame analysed. However, with
only a slight drop in velocity, it seems there are little lasting effects from the wall on the
swimmer after leaving its influence. This is confirmed in Figure 8.7 where the majority
of the velocities lie on, or close to the slope of unity representing no change between the
approach and escape velocity.

Further to the approach and escape velocities, the velocity along the wall was found

to be Vi, = 51.1ums~! for a classic bounce. This value is lower than both approach and
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Figure 8.7: Velocity of approach and escape from a wall bounce. Each point represents an
individual dynamic, with red denoting a classic bounce and green a reverse bounce. The
blue dashed line shows a slope of unity, denoting an equal approach and escape velocity.

escape velocities, albeit only by a small amount. Thus, it seems the algae can navigate
along the wall with ease, only displaying a slight reduction in velocity.

With a reverse bounce interaction, the velocity data is more stochastic (Figure 8.7),
showing less correlation between escape and approach. Further, the velocity at the wall
is reduced compared to a classic bounce. These dynamics are possibly as a result of the
algae spinning in towards the wall (an interaction that has been observed for the majority
of reverse bounces) meaning the algae are facing the barrier, thus slowing them down.

Wall distance travel and time:

During a classic bounce interaction, the algae spent on average t,, = 2.63s under the
influence of the wall before escaping and the average distance between entry and escape

was Tgist = 94.7um. The standard deviation of wall travel was 72.1 pm, showing the non
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Figure 8.8: (A) Distance travelled along z-axis in relation to the angle of approach to the
wall and (B) Angle of escape.

uniformity in interactions.

The approach angles influence on the entrapment length (Figures 8.8 (A)) leads to
no obvious trends in the data present, and it seems apparent the approach angle has
little influence on the entrapment length. Despite this, there is a very slight tendency for
shallow approaches to induce longer distance wall travel, with a number of longer wall
travels relating to a shallow angle. This is discussed in greater detail in Section 8.3.2.

In regard to the question whether the wall distance travelled influences the escape an-
gle, a clearer picture is observed (Figure 8.8 (B)). It is apparent that at larger wall travel
distances, the likelihood of a shallow escape angle is greatly increased. Above approxi-
mately 100 pm of wall travel, with the exception of a couple of outliers, the escape angle is
found to always be below 45°. Therefore, it can be stated that for significant wall travel,
the escape angle tends to be low and for a short travel or “glance” the escape angle can
vary across the full spectrum of escape angles (0° < §g < 180°).

On analysis of reverse bounce interactions, the wall distance travel is relatively small
compared to a classic bounce. Thus, generally in a reverse bounce, the algae stay in a
region close to entry at the wall before escaping in the same direction as the incidence.

Summary:
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A summary of all the defining characteristic average values is displayed in Table 8.2.
There are notable differences between a classic bounce and a reverse bounce which, is

discussed further in the following section.

Table 8.2: Wall bounce average defining characteristics and corresponding standard devi-
ation.

Location | Characteristic Symbol | Classic Bounce | Reverse Bounce
Approach Angle 024 49.1 61.5
Velocity Va 59.1 pms—! 47.1pms™!
time tw 2.63 s 4.0s
Wall Entrapment length | xgst 94.7 pm 61.6 pm
Velocity Vw 51.1pms~! 39.5pms!
Angle O 35.7° 123.8°
Escape
Velocity Vi 56.5 pms ! 44.7pms™!

8.3.2 Approach interactions

The following section discusses the impact of wall interactions and the process of the algae
attaching to the wall, bouncing or instigating wall travel. To visualise this, the relative
frequency of interaction type dependence on the angle (Figure 8.9 (A)) and velocity (B)
are plotted. For this analysis, a long bounce is defined as the swimmer travelling more
than 100 pm along the wall’s surface.

Upon analysis of the approach angle, there are some general trends in the data with
some notable jumps at specific angle bins (Figure 8.9 (A)). These outliers (specifically
50 — 60°) are felt to be purely statistical rather than physical. This aside, some general
trends are observed. At lower approach angles (0—30°) the tendency for the algae to travel
further along the wall seems to be increased, which was also hinted at in Figure 8.8 (A).
As the angles increase (30 — 60°) a classic short bounce becomes more prominent and at

the higher angles (60 — 90°) the reverse bounce increases in likelihood.
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In regard to the chances of an alga approaching the wall and becoming stuck to its
surface, at the lower approach angles it seems very unlikely for the algae to become stuck,
but as the approach angle increases the likelihood increases slightly. As with a bounce
event, it seems lower angle approaches increases the tendency for wall travel.

Perhaps surprisingly, reverse bounce interactions show a high dependence on the ap-
proach velocity, with lower velocities displaying a much greater likelihood of a reverse
bounce to take place (Figure 8.9 (B)). The mechanisms behind this observation are un-
known, but may be due to morphology variability or flagellum interactions. A slight
dependence for wall travel with faster swimming velocities is also present, which is likely a
result of greater swimmer velocities present at the wall, increasing wall travel. The chance
for the alga to become stuck at the wall remains remarkably uniform across the velocity
ranges.

Therefore, on an approach to a wall some interactions see an increased likelihood de-
pending on certain conditions, such as a reverse bounce becoming much more likely with
a high angle and low velocity. Further, the chance of becoming stuck at the wall increases
with increasing approach angles and long bounces seem to have a greater likelihood with

low approach angles.
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8.4 Discussion

From the observations of wall interactions, the classification of the response to a boundary
can be split into three approximate regimes. How the algae approach the wall can give a
predictive factor to which regime they will conform to, although this is by no means wholly

inclusive and only forms an increased likelihood of such a reaction:

1. The algae scatter off the wall soon after contacting with its surface with little wall
travel or time at the wall, bouncing away at any angle below 90° (short travel clas-
sic bounce). This reaction is often induced by shallow approach angles and slower

velocities.

2. The algae adhere to the wall and travel along its surface before escaping from the
wall’s influence with a shallow angle, generally below 45° (long travel classic bounce).
The chance of a longer bounce increased with greater velocity of the swimmer and

primarily occurs at shallow approach angles.

3. The algae attach to the wall, spinning towards the wall’s surface and thereafter either
escape the wall at any angle (generally a reverse bounce) or becoming stuck at the
wall. This reaction has possibly the largest dependence on the approach to the wall,
with low velocities and high approach angles in the most part leading to this type of

wall reaction.

Often, factors such as morphology and flagellum contact that have not been examined
in this work are likely important in understanding algae wall behaviours. These factors
likely depend on the characteristics described and work in concert to initiate the responses

observed. They are discussed in the following:

e The flagella are the first part of the swimmer to come in contact with the wall, and
it has been shown in previous works the escape angles to be highly dependent on
flagellum length [45]. Thus, how the flagella interact to the wall is likely key in the

response.
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For the observed reverse bounces and algae spinning towards the wall in these in-
teractions, the greater approach angles may lead to the flagellum further away from
the wall becoming more influential, possibly influencing the algae spin. Further, at
what point in their stroke the algae are in when first contact with the wall may be
of importance. However, this is purely speculation and more work would need to be

conducted into how the flagella of the algae interact with the wall.

e The morphology of the swimmer such as the effects of body shape, size and flagellum
length are expected to be important. It would likely follow for D. salina of that
which has been proposed in C. reinhardtii [45] for the flagellum length to influence
the escape from the wall, with slight changes across the algae population leading to
variations in the wall escape. Furthermore, the body size of the algae as well as being

linked to the velocity may influence how the algae responded to a boundary contact.

e Finally, the longitudinal rotation of the swimmer has been discussed as a method of
wall escape [186]. The frequency of this rotation may be an indication of wall travel
length and possibly an explanation in the shallow angle taken when escape from the

wall.

It is likely to truly predicting how an alga interacts with the wall, a knowledge of a

combination of the discussed dynamics is needed.

8.5 Conclusion

In summary, the response to a solid boundary of D.salina has been experimentally analysed
by confining the algae to a quasi 2D domain (shallow channel) with approach, escape and
wall characteristics determined. D. salina was found to favour bouncing from the wall.
From the analysis, certain predictive factors were found such as low velocities and high
approach angles were more likely to induce a reverse bounce and for the algae to get

stuck at the wall. On the other hand, shallow angles induced more classic bounces with
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increased velocity increasing the travel distance in the bounce. On analysis of the escape, it
was found that the wall travel distance had a significant bearing on the escape angle, with
the algae tending to escape with a shallow angle after travelling along the wall. Soon after
escaping from the wall, the swimmer recovered to its pre-interaction swimming dynamics,
and in general the algae did not lose significant motility while swimming at the wall’s
surface. Despite these findings, a full characterisation of wall interactions would benefit
from analysis of other effects such as flagellum contact, which are expected to be influential
on the alga’s response. It is hoped that the details from this work could be used in the

development of bio photo-reactors or in species concentration or separation.
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Chapter 9

Conclusion and future work

9.1 Conclusion

In this thesis, the swimming dynamical response of Dunaliella Salina has been characterised
in a range of simple and complex fluids, including: water-like (Chapter 4), Newtonian
viscous (Chapter 5), shear thinning (Chapter 6) and viscoelastic (Chapter 7). Furthermore,
the interaction with a boundary wall was studied (Chapter 8). The hope is that with this
research a clearer picture will have been developed of microswimmer navigation. This will
hopefully aid in the development of artificial microswimmers, novel methods of utilising
microorganisms and commercial alga methods.

Utilising velocimetry and microscopy methods, the swimming dynamics of D. salina
were recovered as they swam in a microfluidic channel. The net velocity and orienta-
tion observed with a conventional frame rate was captured, as well as the beating fre-
quency of the swimmers’ back and forth cycle and the respective stroke dynamics cap-
tured with a high speed camera. The initial work focused on the algae swimming in
their unmodified medium with the swimming characteristics found matching the literature
(Voer = 49.55pms™ L, fpr = 29.97Hz) [43,106], but differed from that of C. reinhardtii

which is on occasion referenced for D. salina. On analysis of the individual stroke dynam-
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ics, D. salina was found to spend approximately 2/37% of their time in the power stroke
and 1/37% in the recovery. This time shift and an increased velocity through the power
stroke lead to a displacement efficiency per stroke of 4.1 in favour of the power stroke.

With the effects of viscosity, a monotonic decease in velocity was observed with in-
creasing viscosity. Overall no definitive non-motile viscosity was found and even at the
highest viscosity (0.04 Pas) motility was still present, albeit very minimal. The velocity
of the swimmer decayed with a power-law index to the -1 with respect to the viscosity,
which indicts the swimmer operates at a constant thrust [24,67]. Furthermore, the extra
viscous forces seemed to have no significant influence on the stroke dynamics, as seen by
the power and recovery stoke dynamics reducing in-line with the expected decrease follow-
ing constant thrust production. Moreover, the ratio between power and recovery stroke
dynamics (velocity, time and amplitude) all remained relatively constant. The beating
frequency and stoke amplitude were found to decay with power-laws to the —0.375 and
—0.687 respectively. This was attributed to a flagella velocity reduction in-line with the
body velocity decay.

When shear thinning fluid properties were added to the medium, (an arguably over-
looked property in the favour of viscoelastisty) it was shown to have great influence on
the swimming behaviour of D. salina. The nature of the swimmer in question, with large
disparities in size and velocity between the body and flagella seemed to lead this response.
In general, it was proposed that the flagella would feel a reduced viscosity to the body,
either by its large shear rate or simply passing by the polymers. Thus, in the power
stroke, the beating of the flagella was found to be much faster than in Newtonian cases
for comparable stoke amplitudes. However, the recovery stroke did not prescribe to these
dynamics exhibiting the opposite response. The variation in response across the power
and recovery stroke lead to a significant enhancement in the recovery stroke relative to the
natural viscous velocity decay, and thus likely reducing the efficiency of the swimmers’ gait.
The addition of a viscous element, while maintaining the power-law index of the solution,

but increasing the viscosity, gave notable variations in the swimmers’ response. Both the
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power and recovery stroke exhibited a shift in their dynamics, as well as a further boost
in the velocity ratio in favour of the recovery stroke. This hinted at the solvent viscosity
being an important metric and the flagella would feel close to this value. It was hoped that
through this work, an effective viscosity for this particular swimmer could be defined for
comparison to a Newtonian viscous case. However, it was deemed that this method was
not sufficient to encompass the full range of stroke variations displayed by the swimmer in
a shear thinning solution.

The addition of a viscoleastic element provided difficulties in defining a viscoelastic
response. By the nature of the fluid used, it possessed shear thinning properties, and thus
a decoupling of the shear thinning or viscoelastic response was needed. Upon analysis of the
visocoelastic response, the algae followed similar trends as if in an inelastic shear thinning
solution such as the velocity ratio shift in favour of the recovery stoke and variation in stroke
times and amplitudes. However, some hints of a response to the elastic properties were
present, such as a stroke velocity ratio decrease for comparable power-law indices compared
to the shear thinning cases. Despite this, from this work, due to the confounding effects
of elasticity and shear thinning it was not possible to state conclusively the influence of
visoelasticity on the swimming dynamics of D. salina and shear thinning properties seem
to be dominant in the cases discussed.

Additionally, to the analysis in complex fluids, the algae interactions with a solid mi-
crofluidic channel boundary were analysed and quantified. To create a quasi 2D platform,
a shallow channel was manufactured and utilised with the wall characteristic such as ap-
proach and escape angles and velocities as well as the specific wall dynamics all defined.
It was found that D. salina have a high preference to bounce off from a solid boundary,
and predetermining the wall interactions was difficult from the approach characteristics.
Despite this, the algae displayed a slight tenancy to induce a reverse bounce with a high
approach angle and low velocities. The escape from the wall was shown to be dependent
on the methods of swimming at the wall, such as algae travelling along the wall tended

to escape with a shallow angle. Furthermore, it was found that the wall had very little
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influence on the algae velocity, with the algae returning close to their approach velocity
soon after the wall event. The swimming velocities when the algae were in contact with

the wall were found to be reduced, but only by a limited amount.

9.2 Future work

The analysis conducted through this work has aimed at aiding and developing the picture
of microswimmers immersed in complex media. While answering some of these questions
and displaying new novel swimming dynamics, there still remain many questions to fully
understanding the response to the fluids analysed:

Understanding of beating frequency and amplitude decay It was found through
the work (Section 5.6) that the flagella beat frequency and amplitude decreased at different
rates with increasing viscosities. A behaviour that could not be attributed to simple
viscous fluid changes. The mechanism responsible for this reduction is unknown, and
understanding why the beat dynamics react as such to display the different decay trends
for the beating frequency and amplitude would be of great interest. It is possible that
understanding the internal dynamic of the flagella (which likely need significant biological,
modelling and computational abilities) may shed light on this swimming response.

Response under flow A further topic of interest would be the alga response under
flow, and further the response under flow in complex fluids. D. salina’s ability to respond
to different flow conditions and strengths may help in the development of photo bio reactors
in which the algae are constantly mixed. This topic was briefly researched within this work,
with an interesting velocity reduction at low flow rates observed. Furthermore, with the
addition of complex fluids, particularly shear thinning fluids potentially adding a lifting
force from the walls surface, may lead to interesting discoveries such as the algae avoiding
the walls.

Flagella beat in complex fluids One area of research that would lead to increased

understanding of the results observed is enhanced visualisation and tracking of the flagella
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shape across all cases studied. With the right set up (Section 3.6.2.2), quantifying the
flagella gait would allow for a greater understanding of the variations observed in shear
thinning and viscoelastic solutions, and possibly give further insight to the algae swimming
response. Furthermore, it may help shed light on the flagella interaction with individual
polymers, as well as allowing for modelling of the flagella stroke with a prescribed beat to
be undertaken.

Response to complex fluids Within this work, it has been shown the algae stroke is
influenced by shear thinning properties, the solvent viscosity and viscoelasticity. With this
knowledge, future works could focus on attempting to decouple these rheological properties
through modelling or experimental methods. This would hopefully highlight the individual
influences and potentially asses the dominant properties in the different responses observed.

Effects of complex fluids on wall response A further area of interest may combine
the response of complex fluids and solid boundaries to understand if complex fluids vary
wall interactions. For example, with the presence of shear thinning fluids at a boundary,
an extra lift force from the wall may be present as a result of shear gradients. With
significant research, the possibility of controlling wall interactions with fluid properties

could be obtained, leading to increased sorting possibilities of such a swimmer.
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Procedure of media production

In this appendix, the procedure for the preparation of the Hejazi and Wijffels growth
medium is described.

What is needed

A 2L flask, chemicals (section 3.2.1), a spatula, a 50mL beaker, 1L bottle, plastic
vials/containers for weighting the chemicals, antibacterial disinfectant, lab gloves, a mi-
cropipette, a pHmeter, a fume hood

Preparing the medium

e Pour 800 mL of distilled water in the 2 L flask.

Weigh 70.13 g of Sodium chloride [NaCl] and add it to the water.

Using the spatula, mix the solution in order to eliminate the precipitate,

Add 0.34 g of Sodium nitrate [NaNO3],

Add 0.99 g of Magnesium sulfate heptahydrate [MgSO4 7TH20],

Add 0.06 g of Potassium chloride [KCl],

Add 0.035 g of Calcium chloride dihydrate [CaCl2 2H20)],
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Add 0.67 g of Sodium bicarbonate [NaHCO3],
e Add9.72 g of a compound called Tris-base [THAM Tris(hydroxymethyl)aminomethane],

e For the remaining chemicals, work should be conducted under the fume hood. Wear-

ing lab gloves, clean the fume hood surface using the antibacterial disinfectant,

e Add 0.08 mL of the trace elements solution (called f/2 medium), through a mi-

cropipette,
e Add 0.4mL of a 0.15M Boric acid solution [H3BO3],

e At this point, you need to adjust the pH of the medium using a 1 M solution of HCI.
The pH must be around 7.5,

e After adjusting the pH, transfer the solution to the 1L bottle,

e The solution should then be sterilised at 121°C for 30 minutes in the autoclave,
to avoid contamination. The lid of the bottle should be placed on the bottle, but

loosened. The solution must cool down to room temperature before continuing,

o After the sterilising process, you need to work under the fume hood again and add

0.8 ml of 0.1 M Monosodium phosphate solution [NaHPO4].

Storage of the growth medium

The medium must be kept in the fridge, and it maintains its property for a few months.
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Preparation and storing of the

algae suspensions

In this Appendix, the procedure for the preparation and the storage of the D. salina
suspensions is described in detail.

What is needed

A suspension of living algae, growth medium (Section 3.2.1), 4-5 flasks, antibacterial
disinfectant, cotton will, tin foil, plastic disposable pipettes, a fume hood, lab gloves, an
autoclave.

Preparing the suspensions

e Wash the flasks with tap water and a test tube brush, in order to remove any previous

algal deposit,

e Sterilise the flasks and the cotton by autoclaving them at 121° for 30 minutes, to

avoid contamination.
e Wait until the flasks and the cotton cool down to room temperature,

e Wearing the lab gloves, clean the fume hood surface using the antibacterial disinfec-

tant, to avoid contamination,
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e Working under the fume hood, pour 50 ml of the fresh growth medium in each flask

and inoculate roughly 2—3 ml of the living algal suspension, using the plastic pipette,
e Cork the flasks using the cotton wool and the tin foil,

e Wash the flasks with tap water in order to remove some salts that may have deposited
on the flasks surface, after the sterilising process. This must be done to make sure

that the light path is not affected.

Storing the suspensions The D. salina suspensions must be stored in the algae hut
(Figure 3.1), in order to prevent D. salina from being affected by light pollution. Moreover,
the suspensions must be exposed to two fluorescent lights, using a 12/12 light/dark cycle
to simulate daylight cycle, at room temperature. Since D. salina is a good swimmer, the
cultures can be grown without being mixed. For continual experiments, alga should be

replenished every 2 weeks by this method.
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Fluid models

C.1 Power-Law model

The Power-law model or the Otswald-de Awele relationship is the simplest form to describe
a generalised Newtonian fluid [216]. It gives a basic relationship between the strain rate

and viscosity

n(y) = mi" ! (C.1)

where m is the flow consistency index and is related to the magnitude of viscosity and n
is the power-law index which defines the rate of change of viscosity and shear rate. Based

on the power-law index, the behaviour of the fluid is described as:

¢ 0 < n < 1— The fluid shows shear thinning properties, with smaller values of n

denoting a greater level of shear thinning
e n =1 — The fluid shows Newtonian behaviour

e n > 1 — The fluid shows shear thickening properties, with greater values of n denoting

a greater level of shear thickening
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The power-law model’s advantages lie within its simplicity and ease of describing a
fluid’s state. However, it is only valid over a limited range of shear rates. Therefore, must

be taken from shear rates that the fluid exhibiting power-law behaviour.

C.2 Carreau-Yasuda model

A model that attempts to remove some limitations of the power-law model is the five-
parameter Carreau-Yasuda model [216]. By incorporating the zero and infinite shear to
describe the fluid, it is valid over very low and high shear rates. The Carreau-Yasuda

model is described as follows

n—1

() = 1o + (M0 = M0) [1 + (Aeyy)*¥] Fev (C.2)

where 7 is the infinite shear viscosity, 79 the zero-shear viscosity, Ay the ‘relaxation time’
which describes the shear rate at the transition between the solvent plateau and power-law
regions and ay, the exponent which describes the shape of the transition regions between
the zero-shear plateau and power-law like region. A Carreau fluid behaves like a Newtonian
fluid at low and high shear rates and a power-law fluid in between, with transition regions
joining each region. This can be viewed in Figure C.1. The Carreau-Yasuda model fits
most viscosity vs shear rate data on the assumption that all 5 parameters are available to

the model [214,216].
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Figure C.1: Example Carreau-Yasuda model fit displaying different regions of interest.
Power-law index is recovered from power-law region. The first plateau is related to the
zero shear viscosity and second to the infinite or solvent viscosity. Image adapted with
permissions from [317].
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Effects of viscosity on velocity

Here, representative velocity functions in time domain of individual algae are shown for
algae in the medium with various Ficoll concentrations (Figure D.1). A — E corresponds

to Medium, 4%, 6%, 8%, 10% respectively.
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Appendix E

Algae response to glycerol

In this work, in addition to Ficoll, glycerol was also tested as a viscosity enhancer. However,
unlike Ficoll, glycerol was seen to interact with the swimmers’ chemistry and caused the
velocity results to become skewed.

Glycerol is a sweet tasting hygroscopic liquid that occurs naturally, but can also be
produced synthetically. It is colourless and odourless and is used in a significant range of
industrial and commercial applications [126,224] as well as in microfluidic research [225].

For this analysis, glycerol solutions of 10%, 20% and 30% were used with viscosities
ranging from 1.44 — 3.22mPas. Figure E.1 shows the flow curves for the three solutions,
with all exhibiting Newtonian behaviour.

When comparing the responses to the increases in the viscosity of the medium between
Ficoll (Chapter 5) and glycerol, a significant shift in swimming velocities was observed
(Figure E.2). Rheologically, the two types of solutions are similar, showing Newtonian
behaviour with increasing viscosity with concentration. However, the swimming velocities
observed were found to be markedly different for similar viscosities. Algae swimming in
glycerol showed a sharp decrease in velocity with increases in viscosity and reached a point
of apparent non-motility at values of viscosity of 3mPas, while in the Ficoll modified

medium, the swimming velocity was seen to decreases slowly with no defined non-motility
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Figure E.1: Flow curves showing the steady shear viscosity of the medium solutions with
different glycerol concentrations used in experiments. The minimum measurable torque
represented by the purple dashed line is calculated from Equation 3.10. All the medium
solutions with added glycerol display Newtonian behaviour with increasing viscosity with
concentration.

viscosity observed for the ranges of viscosities measured.

This obvious and distinct variation to the algae reaction to viscous effects could be seen
as quite intriguing if it is assumed the algae interaction with the fluid is purely rheologically
based. However, on examination of the algae, it was noticed that the algae body shape in
the high glycerol concentration solutions was misshaped. Rather than a normal spherical
body, the algae shapes were distorted (Examples of distorted algae can be viewed in figure
E.3). This change coincided with the point of non-motility and seemingly an indication of
an interaction between solution and the algae. As mentioned in Section 1.4.1.1 D. salina

produce glycerol within the cell which is used to maintain osmotic equilibrium, allowing this
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Figure E.2: Net velocity of Newtonian solutions analysed with increasing viscosity. A
clear separation is observed for solutions of similar rheology, with glycerol displaying much
reduced velocities. Horizontal error bars relate to the experimental error in rheological mea-
surements (Section 3.3.3.3) and vertical the standard deviation across population analysed.
The inset shows number of algae swimming above non-swimming value (3 pms~!) with the
remaining being classed as non-motile.

specific alga to live and thrive at high salinity levels [296,318]. Thus, it seems the addition
of glycerol within the medium disturbs this balance, passing through the cell barrier and as
a result causing the cell to become hypo-glycerol. Essentially, incapacitating the cell and
voiding it of any movement. Therefore, despite possessing similar rheology, the swimming
response to these solutions is controlled by this reaction, voiding any possible conclusions

to be drawn from rheological induced behaviours.
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Figure E.3: Distorted alga shape as a result of increased glycerol concentration of the
medium. Both images show non-motile algae in 30% glycerol.
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Appendix F

Channel depth influence on wall

interactions

To provide a proportion of quantitative data to the effects of a shallow channel (6 ~
20 um) the swimming dynamics were compared and contrasted to that in the deep channel
(0 ~ 84pum) (Section 4.3). The experimental techniques were conducted in line with that
described in Chapter 3, the only disparity being the changes in channel height.

An uncontrolled parameter between the two channels was the fact that the camera
captured purely 2D motion. This was likely to cause a slight under-representation of
the swimming velocity in the deeper channel, as any z velocity components would not
be captured. However, in the "2D” channel the algae were restricted to a quasi-single
plane, thus could not swim with a z velocity component. Therefore, perhaps ”truer”
representation of the algae swimming velocity would be captured in the shallow channel,
albeit with an increased local wall presence.

The net velocity of the algae swimming in the shallow channel was found to be V¢t shai =
46.77pms ! a value slightly lower than that found in the deeper 84 pm channel (Ve =
49.55 pms~1). Both values fall within the experimental error range as descried in Section

5.4.2.
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Appendix F. Channel depth influence on wall interactions

Further analysis can be drawn from the distributions of the swimming velocities (Figure
F.1). The distributions are not too dissimilar, with similar maximum velocities and similar
peaks close to the mean velocity. However, there are some notable differences that shed
light on the changes induced by the shallower channel. The peak distribution of the shallow
channel shows two distinct phases, the first a plateau region at a velocity below the mean,
followed by an increased peak at higher velocities. Furthermore, compared to the 84 pm
channel, there is a greater probability for slower swimming and the high velocity peak is

narrower.
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Figure F.1: Instantaneous velocity distribution of shallow (20pm) and deep channels
(84 pm). Shallow channel represented with orange columns and deep by clear.

The increased likelihood of slower swimming is likely down to wall contact as the
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Appendix F. Channel depth influence on wall interactions

presence of the wall is in close contact with the swimmer, increasing drag on both the
flagella and body. Further it is possible that the flagella can get caught on the wall,

distorting the swimming stroke and changing the velocity of the swimmer.
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Figure F.2: (A) Approach and Escape angles when swimmers’ are confined to a shallow
channel (20 pm) (B) and deep channel (84 pm).

The narrowing of the upper peak close to the mean velocity is likely down to the 2D
effects discussed earlier. The algae swimming at this velocity are likely not under the
wall’s influence and therefore are propelling themselves at their natural velocity. The peak
is narrower than the deep channel, as the velocities are under-represented due to vertical
components in the z direction not being captured in this case. This peak in the shallow
channel is therefore likely a truer representation of the normal free-swimming velocity of

D. salina.
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Appendix F. Channel depth influence on wall interactions

Further to the velocity analysis, to assess the changes in channel depth on the definition
of wall interaction, a comparison between the shallow and deep channel is quantified as
discussed in Chapter 8. The only variation between methods was the channel depth, with
the visualisation methods staying consistent. The greater channel depth will inevitably
lose accuracy due to the increased surface for wall interactions and lack of 2D visualisation
plane. However, an analogy will allow for a comparison between methods and a discussion
of the effectiveness of this method. Furthermore, if this method is deemed acceptable to
capture wall events, a discussion into the effects of complex fluids can be conducted as this

data was captured during this work during the complex fluid analysis.
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Figure F.3: (A) Approach and Escape velocities of swimmers’ in a shallow channel (20 pm)
(B) and deep channel (84 pm).

Figure F.2 shows the angle scatter for the 20pm (A) and 84pm (B) channels. In
comparison between the two graphs, the general distribution of the data is fairly similar
with a tendency for swimmers’ to escape with lower angles and a mostly even distribution
across the approach angles. However, the spread of data is much more erratic in the deeper
channel, with less concentration around the lower escape angle. This is likely due to the

imaging set up not capturing the correct angles due to the vertical components of the algae
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swimming.

In terms of the approach and escape velocities of the two channels, displayed in Figure
F.3, as with the previous scatter diagram the data in the deeper channel follows a similar
trend to the shallow channel. However, the spread of the data is much larger and scattered
from the line of unity. The general trends of the data is captured as found in the shallow

channel, but by itself the data does not present a detailed picture of the dynamics at the

wall.
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Figure F.4: (A) Approach angle relative to wall travel distance in deep channel (84 pm).
(B) Escape angle related to wall distance travel distance in deep channel (84 pm).

Finally, a comparison between the entrapment length and scattering angles is drawn
in Figure F.4. In this regard, the data conforms slightly closer to that observed in the
shallow channel (Figure 8.8). However, certain details are lost such as long wall travel and
the reduction in escape angle with wall travel is more obvious when analysis in undertaken
in the shallow channel. With the deeper channel, the added surface area of the wall as well
as possible interactions with the corners of the channels are likely influencing the results.

To conclude, while undertaking this type of analysis in the deeper channel displays
some similar trends as that of the shallow channel, the data is much more erratic and
spread out. Without a comparison of the quasi 2D channel, difficulties would arise over

the interpretations and legitimacy of the data. Therefore, it is clear that without sufficient
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supporting evidence, analysis of the swimmers’ interaction with the walls in this manner
is not significantly rigours and lacks scientific quantification. Taking this observation and
the fact with increasing viscosities reduces the quantity of captured data through slower
swimming, it was decided not to continue with the analysis for wall interactions in complex

fluids as was hoped.
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