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Abstract

This thesis explores catalyst driven micro-swimmers which propel via phoretic
mechanisms. This is achieved with a Janus structure of active and inert sides, which
when exposed to chemical fuel causes asymmetric forces across the swimmer,
leading to propulsion. Catalytic micro-swimmers have proposed applications such as
microfluidic transport, cargo delivery, micro-stirring, and environmental remediation.
These active swimmers, whilst popular in the literature, have yet to be optimised for
their intended practical applications. The randomised motion at long time scales is a
problem for transport applications and synthesis methods are complicated and

produce a low yield of swimmers.

This thesis focusses on platinum coated insulator swimmers, which when exposed to
hydrogen peroxide propel via a mechanism, which is proposed to be self-
electrophoretic, in the literature. The bulk of the thesis explores the relationship
between the geometry of the starting colloid, and the resulting motion and swimmer
dynamics. For ellipsoidal swimmers, this was found to have a significant impact on
the swimmer’s angular velocity and interactions with the fluid and bounding surfaces.
Whilst investigating the motion of ellipsoidal colloids, a self-imposed flow alignment
effect was observed and thoroughly investigated. The findings revealed a strong

preference for motion across the flow field rather than along the streamlines.

Bowl and Dumpling shaped colloids were also investigated to see if they would self-
shadow and induce enough asymmetry in the catalyst cap to produce driven
rotations. In certain colloid orientations, before coating, this was successful
producing much higher angular velocities than spherical swimmers whilst other

orientations produced negligible spin.

In an effort to further investigate how geometry impacts the motion of active
swimmers, the symmetry of the catalytic patch was intentionally broken by glancing
angle deposition to induce beneficial rotations. This had previously been achieved

with close packed spherical swimmers, but the work here aims to reduce the steps



required to achieve this in the hopes of improving scalability of synthesis. The data
shows that introducing even a slight glancing angle during coating provides enough
shadowing of well-spaced ellipsoidal colloids to produce swimmers with angular

velocities 16x the magnitude of ellipsoidal colloids coated at a direct angle.
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Chapter 1:

Introduction



1 Introduction

The desire to artificially mimic biological processes such as chemotaxis and rheotaxis
has driven a significant effort over recent decades, to produce simple active colloids
that can reproduce the behaviours seen in micro-organisms, in response to a change in

their environment.

Micro-scale particles have been shown to be capable of active propulsion when
exposed to a gradient such as temperature, concentration, electrostatic potential, or
light. These gradients can be externally imposed on a population of colloids to achieve
heteronomous motion, or the colloid can be modified in such a way that in generates its
own gradient of stimuli. The use of surface catalysts, which are able to utilise a
chemical “fuel”, creates an asymmetric distribution of reactants and products which

yields autonomous self-propulsion.

This was discovered in the early 2000’s and inspired extensive research into various
catalyst/fuel systems, the mechanisms by which they propel, and the dynamics of these
systems. These micro-swimmers are of continued interest in the field of nanomaterials
due to their applications in drug delivery systems?23, in-vitro diagnostics, ‘micro-stirring#,

environmental remediation®, sensing and sorting®, and repair of conductive surfaces’.

1.1 Forces on the nanoscale

Nano and micro-scale particles face several challenges in achieving directed propulsion

due to their small size, such as Brownian motion and a low Reynold’s number regime.

Brownian motion refers to the pattern of random fluctuations in position of a particle

suspended in a medium (liquid or gas).The medium is composed of solvent molecules



which are in constant motion due to thermal energy; these solvent molecules collide
with the particles, transferring kinetic energy to them&. This transfer of kinetic energy is
experienced to differing degrees depending on the mass of the particle. Larger objects
require more energy to accelerate than smaller objects as described by Newton’s

second law of motion.

In macro-scale systems, motion is often produced by a reciprocal deformation
mechanism consisting of repetitive cyclical motions. In these large systems, inertia
works to keep the swimmer in motion once propulsion has been initiated. During this
time the swimmers moving parts return to their origin to repeat the cycle. Conversely,
on the nanoscale the size of the swimmer dictates that the viscous forces acting on the
particle dominate over inertial forces. This effect is quantified by its Reynolds number;

the ratio of inertial forces to viscous forces acting on a swimmer®.

Equation 1-1: R, = —

p = Fluid density

v = Fluid velocity

L = Swimmer length

U = Dynamic viscosity of the fluid, = 7/ y where 1 is shear stress rate of the fluid and y is

shear strain rate.

At sufficiently low Reynold’s numbers, inertia does not keep the particle in motion whilst
the propulsion mechanism returns to its origin. This means that the reciprocal motion

results in a zero-net force and motion does not occur. This is often visualised by



Purcell’'s scallop theorem which describes motion of swimmers at low Reynold’s
number in Newtonian fluids. Purcell states that in a low Reynolds number regime the
swimmer must deform in a way that is not invariant under time reversal'C. Essentially,
the return to origin must not be the same as the initial deformation or the equal and

opposite forces balance out, resulting in no net translational motion.

Non-reciprocal motion on the micro-scale has been perfected in nature by micro-
organisms which use cilia and flagella to perform “run and tumble” style swimming*.
The flagella are twisted into a single filament and rotated in one direction. The body of
the bacteria rotates in the opposite direction and the flagella are rapidly unbundled to
change direction. Similar deformable systems have been experimentally realised, such
as the William’s group synthetic flagellum?®?. At 2 mm in length, these flagella are far
from the ideal size for micro-scale applications and factoring the time and economic
cost of manufacturing such swimmers renders them incompatible for industrial or

commercial production.

1.2 Janus Colloids

To avoid lengthy and complicated synthesis, a scheme to achieve propulsion in non-
deformable colloids was devised based on catalytic reactions. In order to achieve non-
reciprocal motion, swimmers were designed so that a chemical reaction would occur on
one side only. This produces constant asymmetrical forces on the particle, avoiding the
need for inertia as the driving force is non-reciprocal and resulting in net motion. This is
achieved by having a Janus structure with two distinct sides with different chemical
functionalities®®, as seen in Figure 1-1. An example would be having two different

materials or functional groups on the surface of the colloid. One of these sides should



be a catalytic material that can react with a fuel in the surrounding media whilst the
other side should be inert. Micro-swimmers with a platinum catalytic patch able to
decompose hydrogen peroxide as fuel have proved to be the most popular system due

to their straightforward production, speed and efficiency.

Chemically
active

Inert

Figure 1-1: Schematic of a Janus sphere.



1.3 Overview of experimental literature

In the ever-growing field of autonomous nano-propulsion, many approaches have been
successful. Bio-hybrids based on rotating flagella'?, helical corkscrew type motors** and
trapped bacteria'® have been used to mimic naturally occurring micro-swimmers. These
intricate motors require complicated synthesis and are difficult to reproduce at a size

that would be appropriate for their applications.

To simplify synthesis and analysis of results, inorganic motors of simple shapes were
designed which rely on a gradient across the particle such as heat', lightl” or a

chemical fuel for propulsion.

Platinum is a popular catalyst for motion as it is generally non-reactive until certain fuels
such as hydrogen peroxide are introduced. For this reason, and the ability to derive
high speeds, swimmers consisting of an inert base material such as gold or polystyrene
with a platinum coating have proved the most popular. Groups have attempted basic
shapes such as spheres, rods and nano-tubes, an overview of which is available in
section 1.3.1 1820, Differences between these basic shapes have been noted with rods

and tubes usually producing highest speeds.

1.3.1 Popular Experimentally tested systems

Many experimental systems have been tested with similar desirable qualities in mind.
The aim is predominantly to produce high speed, directional swimmers that have no

requirement for external guidance such as magnetic fields.
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Figure 1-2: Examples of experimentally tested micron scale motors. a) spherical Pt-PS
Janus swimmers?122 b) Si-Au photothermal micro swimmers?3 ¢) Pt-Au Janus nano
rods?4.

The Ebbens group synthesised 1.9 um fluorescent Pt-PS spherical swimmers (Figure
1-2a) which achieved high ballistic velocities of up to 15-16.5 yms™. Motion is directed
towards the PS side, via a self-electrophoretic mechanism relying on hydrogen peroxide
as fuel. Spheres were synthesised using a physical vapour deposition technique to

7



achieve defined hemispheres of platinum?l. A gradient in platinum thickness, and
therefore reaction rate, from the pole to the hemisphere of the sphere generates a flow
of electrons across the colloid. The resulting electric field generates self-electrophoretic

motion in the direction opposite to the electric field as seen in Figure 1-2a%°.

8+2 um silica tubes functionalised with Au Np’s (Figure 1-2b)?® were tested by Rao et
al. This fuel free system relies on the photothermal effect of gold nanoparticles to
achieve nano-propulsion. A laser is used to heat the gold nanoparticles creating a
thermal gradient inside the tube, this results in thermophoretic motion directed away
from the gold end of the tube. Speeds range from 0.8—20 uyms™, depending on the
intensity of the laser used. Whilst a fuel free system is desirable, the requirement of an
external source to keep the swimmers in motion would result in limited applications of

use.

Wang et al. devised striped nano-rods (Figure 1-2c) consisting of approximately equal
parts of gold and platinum. The rods move autonomously towards the direction of the
platinum end via a self-electrophoretic mechanism. When the platinum end of the rod is
exposed to peroxide fuel, the peroxide is oxidised producing protons and electrons.
These protons and electrons are then consumed at the gold end causing an electron
flow from platinum to gold (see Figure 1-2c). Motion is then directed in the opposite
direction of this electric field; with the platinum end forward. It is worth noting that the
flow of protons and electrons in this system is in the opposite direction than the Pt-PS
system and thus the motion is directed towards the platinum end rather than away from
it. Speeds were reported up to 20 ums™t in 2-3% H20: fuel. Mean squared displacement
data has not been provided for this or similar papers by the group, making it difficult to

definitively assume that nano-propulsion is taking place?*.

These mechanisms will be discussed in more detail in section 1.4.



1.4 Mechanism of propulsion

There have been many mechanisms proposed for the self-propulsion of active colloids
such as osmotic pressure, self-diffusiophoresis, bubble production, interfacial tension
gradients and self-electrophoresis®. It is now widely accepted that the dominant
mechanism is self-electrophoresis!®?6:1%27 in low micron — nanometre sized systems
which rely on platinum as a catalyst. Note that bubble propulsion becomes a significant

mechanism for larger, more reactive devices and tubular micromotors?82°,

1.4.1 Phoresis

Phoresis is a broad term describing the migration of particles in a fluid or gel in a
gradient. Common types of phoresis include diffusiophoresis, thermophoresis and
electrophoresis. In diffusiophoresis the driving force for motion comes from a
concentration gradient of a reactant or product in solution®. Thermophoresis describes
the “migration of colloidal particles in solution in response to a macroscopic temperature
gradient™?, often produced locally by an exothermic reaction taking place!®32:33,
Movement of charged particles in response to a uniform imposed electric field is known
as electrophoresis. A negative charge is applied, and anionic particles move towards a
positive charge whilst cationic particles move towards a negative charge®*. This
phenomenon is most commonly exploited for separation of suspended particles based
on their size, charge or binding affinity3>. More recently it has been discovered that the
electric field can be produced locally by an electrochemical reaction in order to drive the

self-propulsion of active colloids, this is called self-electrophoresis?.



1.4.1.1 Self-electrophoresis

In bi-metallic systems, like the example discussed in Figure 1-2c, the decomposition
reaction of H202 by platinum becomes an electrochemical reaction when coupled with

an appropriate cathode, gold.

The oxidation of H202 at platinum generates protons in solution and electrons on the
platinum surface (Figure 1-3). The reduction of H202 at the gold electrode consumes
these protons and electrons. This creates an ion flux from platinum to gold, generating

a local electric field which drives the motion of the negatively charged particles®’.

e flow

H,0,+ 2H +2¢ H,0

IH.O 2H +0O, +2e

motion

Figure 1-3: Schematic of the reaction leading to self-electrophoretic motion in Pt-

peroxide systems.

In metal-insulator systems, like the example discussed in Figure 1-2a, the self-
electrophoretic mechanism is dependent upon a systematic variation of the reaction
rate of Pt with H202. This arises due to a non-uniform covering of the colloid with the
catalytic metal. As the platinum is deposited by a “line of sight” method there is a thicker

coating of the metal at the pole than the equator?2.
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This mechanism of motion significantly reduces the practical applications of active
colloids as it has been found that the presence of salt, even at very low concentrations,
can interfere with motion in both bimetallic and metal-insulator systems. Salt masks the
charges of the colloids and they no longer move in the generated electric field®’. As
blood and the majority of biofluids contain salt ions®, they would not be propulsion
supporting mediums. This, along with their relatively large size rules out most in-vivo
applications and so the focus is predominantly applications in in-vitro testing, micro-

fluidics, and lab on chip style devices®.

The remainder of the introduction now reviews in detail, three key themes that are
relevant to this thesis, focusing on examples that mainly feature catalytic Janus
propulsion. Firstly, a review of attempts to control the motion of propulsive colloids of
any shape, with emphasis on catalyst patterning (chapter 5). Secondly, the existing
knowledge around asymmetrically propulsive colloids (chapters 3 and 6), in particular
ellipsoids the focus of much of this work. And finally, an overview of the ways in which
fluid flow can influence the behaviour of motile colloids, another strong focus of this

work (chapter 4).

11



1.5 Motion control of active colloids

Whilst there are many published instances of successfully propelling spherical and rod-
shaped micro-swimmers, due to their vulnerability to Brownian fluctuations, the motion
achieved is often somewhat random. The motion can be directed externally using
external fields such as a magnetic field*®41. Use of these fields removes the autonomy
of the individual swimmers and is rarely practical for real life applications. Further
investigations have begun into controlling the direction and increasing persistence
length by changing either the colloid geometry or the geometry of the catalytic patch*2.
Use of chemically patterned substrates also show promising results for directing the

motion of autonomous catalytic micro-swimmers*3,

1.5.1 Motion control by changing catalyst geometry.

During initial investigations into catalytic active colloids, it was assumed that a perfect
hemispherical (or other symmetrical half coating) coating was needed to achieve
directed motion. More recently it has been shown that non symmetrical catalyst cap
shapes can be used to produce a variety of desirable types of motion in spherical

swimmers.

12
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Investigations into varying the size and shape of the catalytic patch proved successful
in controlling the angular velocity of spherical electrophoretic swimmers.?* The platinum
coating was systematically varied by depositing the platinum from different angles onto
a closely packed colloidal crystal, illustrated in Figure 1-4a. This creates shadowing in
the line-of-sight deposition leading to well defined non-hemispherical coatings. It was
found that decreasing angles of deposition produced smaller platinum patches and

these swimmers produced the highest angular velocities, up to 16.46 rads™.

The electrophoretic model for spherical Pt-PS swimmers relies on a variation in Pt
thickness from the pole to the equator of the colloid. In a hemispherical coating this
leads to rotationally symmetrical pole-equator reaction rate gradients and generates
ballistic electrophoretic motion with little to no rotational component. When the glancing
angle is employed, the platinum coating is no longer distributed in a hemisphere and
the reaction rate gradients across the swimmer are no longer rotationally symmetrical. It
is suggested that this asymmetry in reaction rate gradients introduces a rotational
component to the phoretic propulsion and produces swimmers with comparatively high

angular velocities.

For much larger (30um) bubble propelled catalytic swimmers, similar investigations
have been conducted regarding catalytic patch size. The colloids were fully coated in
platinum and then masked with chromium to reveal a range of catalytic patch sizes.
This revealed an opposing effect to the glancing angle deposition of smaller phoretic
swimmers, where smaller catalytic patches produced more directional ballistic motion,
see Figure 1-5, than the standard Janus configuration, at a great cost to their velocity.
When fully coated with catalyst, the group found that their bubble-propelled swimmers
produced very high instantaneous velocities of up to 1.8mms™ however the trajectories

produced were random and lacked directionality*?.
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1.5.2 Asymmetrical swimmers

Due to the difficulty in synthesising colloids of a specific non-spherical shape, most of
the literature investigating non-spherical swimmers is theoretical. This will be discussed
in section 1.5.3, whilst experimental literature covers only simple, rotationally
symmetrical non-spherical shapes such as rods. Some more complicated geometries

have been attempted in recent years with promising results.

) 100
E
32
Z 0

-100

Figure 1-6: a) Experimental trajectories measured at the same angle. Increasing

number corresponds to greater illumination. b) Diagram of L-shaped swimmer 44,

The Hagen group experimentally tested L-shaped swimmers produced by soft
lithography with arms 6 and 9 um respectively and a thickness of 3 um (Figure 1-6). A
gold cap on the front face of the short arm is illuminated to cause a local heating
gradient. This allows the swimmmers to propel self diffusiophoreticaly in the direction

perpendicular to the plane of the metal cap**.
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During testing the sample cell was tilted by a known angle to achieve control of the
gravitational force. Experimental trajectories can be seen in Figure 1-6a. The study
provides valuable information about the motion seen in non-standard shape swimmers,
however the reliance on an external light source to achieve propulsion is not ideal for

the proposed applications of active swimmers.

1.5.2.1 Ellipsoidal Micro-swimmers

There has been an interest in recent years which focusses on the dynamics of
ellipsoidal micro-swimmers as they can be synthesised in monodisperse populations
relatively easily by stretching spherical polystyrene colloids. The effect of the colloids
aspect ratio*®> and their behaviours, specifically near an interface?®, are of great interest.
As of yet few of these predictions have been experimentally tested, likely due to the
difficulty in applying the catalyst to the ellipsoid in the preferred orientation, along the

short axis.

Figure 1-7: Time series images of Janus ellipsoids translating ballistically and

rotationally. (from Shemi et al.*")
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Recently, Solomon and Shemi published a study on prolate Janus ellipsoids, half
coated along their major axis. The study maps the effect of the aspect ratio on

translational and angular velocity*’, the first work of its kind to date.

The group discovered a range of motion from purely ballistic to rotational motion,
directed perpendicular to the major axis, illustrated in Figure 1-7. It was also reported
that both angular and translational velocity increases as the aspect ratio of the ellipsoid

increases.

The ellipsoidal micro-swimmers swim in a way that is analogous to their spherical
counterparts, and it is likely that they share the self-phoretic mechanism of motion. It is
not yet known for ellipsoidal micro-swimmers whether motion is directed away from or
towards the catalytic cap, which is indicative of certain propulsion mechanisms,

meaning that assignment of a mechanism of motion is currently speculative.

If the direction of motion generated is away the platinum cap, this would be highly
suggestive of an electrophoretic or bubble propelled mechanism, as other popular
mechanisms like diffusiophoresis tend to generate motion towards from the platinum
side. The absence of bubbles occurring on the swimmer surface, presence of rotational
quenching of a swimmer’s orientation when near a substrate*® and a sensitivity to salt??
would help to distinguish a self-electrophoretic mechanism from a bubble propelled one,

with the former being highly sensitive to salt contamination.

The shape asymmetry of ellipsoids gives the potential for different applications than the
more commonly seen spherical swimmers. Ellipsoids have more fluid interaction and
disturb a larger local fluid field which, when spinning about their major axis, allows for
better stirring on the micro level. The increased surface area of this geometry also gives

them a natural ability to convey more cargo in transport applications.

18



1.5.3 Theoretical predictions of asymmetric shapes

Theoretical simulations are useful to guide experimental procedures and give a general

idea of what to expect when testing what has been proposed.

The results from a variety of theoretical techniques used to simulate active swimmers
and their interactions will be used as a guide in the design of experiments and the

analysis of results.

Whilst there are geometries available in the theoretical literature that have yet to be
tested experimentally, the complexity of mathematics required to run such simulations
limits the range of shapes that have been modelled. This includes predominantly

rotationally symmetrical geometries such as rods, discs, ellipsoids, and spindles.

There have been attempts in recent years to investigate more complicated geometries,

such as the L shaped swimmers produced by the Hagen group.

Prior to experimental testing, the Hagen group** used Langevin equations to predict the
centre of mass (position) and orientation of their micro swimmers. Langevin equations
are stochastic differential equations used in statistical physics to describe the time-
dependant evolution of the ‘degrees of freedom’ of a system. The degrees of freedom
are usually a group of macroscopic variables moving slowly compared with microscopic
variables of the system which are responsible for the stochastic nature of the equations.
They were originally used to model Brownian motion of microscopic particles in a fluid“®,
where the position of the particle is the degree of freedom desired. The particle position
varies quickly compared to the mass and energy of the system. The division of the
degrees of freedom into fast and slow-moving variables is an essential condition of

Langevin equations.
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The group used Equation 1-2 and Equation 1-3 in order to demonstrate that shape

anisotropy can induce gravitaxis**.

Equation 1-2: = %(gTﬁl +1D,) = BD;F; + §,
Equation 1-3: Q= % (IDp+ D 1, )+ BD. Fg + ¢,
F = Centre of mass (position)

0, = Direction

B = Inverse effective thermal energy 8=1/(ksT)

‘¢ = Orientation

Dr = Rotational diffusion coefficient

P* = Strength of propulsion (dimensionless)

Dt = Translational short-time diffusion tensor

| = Effective lever arm

Dc =translational-rotational coupling vector

Fe= Gravitational force

(o + {r = Brownian noise terms

b = Characteristic length of L-shaped particle
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Using the experimentally obtained diffusion coefficients, coupling coefficients and
propulsion strength, Equation 1-2 and Equation 1-3 were used to produce theoretical
data which is illustrated in Figure 1-8. Noise free theoretical example trajectories are as
expected based on the experimental trajectories seen in Figure 1-6, as are the

predictions for orientation at a given propulsive strength.
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Figure 1-8: a) Experimental data for P* vs ¢, the blue curve shows the theoretical
data from equation 5. b) State diagrams for each type of motion with illustrations of

theoretical data for swimmer trajectories given by equation 444,

The Lugli group®® used Dissipative particle dynamics (DPD) to predict the behaviours of

catalytically active micro-rods, disks and spheres (Figure 1-9)

Dissipative particle dynamics (DPD) is a mesoscopic stochastic simulation technique
initially devised by Hoogerbruge and Koelman®! to improve upon the hydrodynamic time
and space scales available with molecular dynamics (MD). MD uses interatomic
potentials or molecular mechanics force fields to predict forces between particles and
their potential energies of systems containing high densities of particles, which are too

time consuming to be modelled analytically.
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DPD involves a set of particles, modelled as “soft beads” which represent either a
portion of a particle or a fluid element, moving in continuous space and discreet time.
The evolution of the positions and momenta of all interacting beads over time are

governed by Newton’s equation of motion for the particle, i. (Equation 1-4)

dvi
Lat

Equation 1-4: = fi= Y Fi+ Xjei Fh + Xy F
Fi¢ = Conservative force

Fii® = Dissipative force

FiR = Random force

Figure 1-9: Schematic of rods disks and spheres modelled by the Lugli group®°.

The Lugli simulation addresses effective propulsion in mesoscopic swimming systems
based on ‘good’ and ‘poor’ solvent interactions arising from a chemical reaction across
a Janus particle. These ‘poor’ and ‘good’ solvent interactions are quantified based off
the Flory-Huggins mixing parameter (Xj) where a compatible system has a Flory-

Huggins parameter of 25, whereas an oil-water system would have a Flory-Huggins

22



parameter of 80. The group use Xjj = 25 for the interaction between fluid particles and
Xij = 12.5 for the interactions between fluid and the swimmer. The products, P, interact
with the other fluid particles with Xj = 25 and with a highly repulsive value, Xj = 100,

with the swimmer.

The chemically active side converts a reactant fuel with ‘good’ interactions into a
product with ‘poor’ interactions. This product rapidly leaves the particle surface which is
consequently propelled in a non-Brownian manner. This system addresses,
theoretically, the shape dependent properties of catalytic swimmers by predicting their
effective diffusion coefficient (Equation 1-5) as a function of reactant concentration. Des
increases with increasing fuel concentration. The centres of mass were recorded during
the simulation, and the displacement, velocity and orientation were calculated and

averaged.

Equation 1-5: Dess = Dy + (%‘UZTR)

Derr= effective diffusion coefficient
Do = diffusion coefficient in pure solvent
v =velocity

Tz = rotational diffusion time

23



The group found that the rod has the biggest increase in velocity with fuel concentration
due to their increased catalytic surface area compared with disks and spheres, as seen

in Figure 1-10a. This is consistent with experimental findings.
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Figure 1-10: a) Propulsive velocity (v) as a function of reactant concentration, for long
rod (black), short rod (red), sphere (green), and disk (blue); vis in dimensionless DPD
units. b) Rotational time (zz) as a function of reactant concentration, for long rod

(black), short rod (red), sphere (green), and disk (blue). zz is in dimensionless DPD

units.

Most importantly, the group reported that the diffusion coefficient and rotational time are
functions of the colloid shape and have a large impact on the angular velocity and
direction of the particle motion®°. All swimmers showed a reduction in rotational time

with increasing fuel concentration during the reaction as compared to in pure solvent

indicating that the reaction induces rotational motion.

As seen in Figure 1-10b, the long rod had the largest reduction in rotational time, but
even after this reduction had the highest rotational time. This indicates that the
propulsive ballistic motion of the rod persists for longer and has less rotational

component. The reductions in tr for the short rod and disk are similar in magnitude and
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much less significant than for the long rod, whilst the reduction in tr for spheres starts
and remains low. These findings can be very useful to groups looking to produce
catalytic swimmers with tailored velocities and rotational times by altering the geometry

of the swimmer.

1.5.3.1 Theoretical predictions for ellipsoidal swimmers

The Golestanian group® have used analytical theory, which is a fine-grained technique
used to predict physical outputs such as velocity of a system over a period of time,
using a purely mathematical approach to calculate the propulsion speeds of self-

phoretic ellipsoids as a “function of their slenderness ratio, €"4° (Equation 1-6).

Cross sectional diameter

Equation 1-6: €=

Length of major axis

Calculation of propulsion speeds is accomplished by considering a colloid with
heterogeneous catalytic surface. The colloid produces or consumes a chemical fuel on
its surface in a varied manner. This generates a local concentration gradient of the fuel

near the colloid.
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The steady-state velocity of the colloid, generated by the concentration gradient, is
calculated by solving the coupled equations of motion of the concentrations of products
and reactants and local conservation of momentum. Boundary conditions on the colloid

surface are accounted for®2,
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Figure 1-11: Comparison of swimmer propulsion speeds of different shaped colloids

depending on their slenderness ratio®2.

The group found that the finer details of the swimmer shape have a significant impact
on the propulsive speed with variances caused by both the slenderness ratio and the
bluntness of the ends of the ellipsoid. In Figure 1-11 it is shown that the greatest
speeds will be achieved with blunt ended rod-like swimmers with larger slenderness

ratios.
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Uspal et al. modelled similar swimmers to the Golestanian groups blunt-ended-
spheroids. The group used “analytical theory based on the point-particle
approximation”™3 to quasi-quantitively describe the dynamics of the system. They use
this method to predict the interactions of spheres and blunt ended ellipsoidal swimmer
interactions with a chemically patterned wall, where both regions of the substrate have
a repulsive effective interaction with the solute molecules. The region to the right of the

step (grey) has a stronger repulsive interaction.

For spherical colloids at sufficiently low velocities (Us9/Uo =0.1), the swimmer docks
close to the boundary seen in Figure 1-12a, on the less repulsive side and then follows
this edge. At higher velocities (Us%/Uo =0.4) the swimmer passes over the step, as seen

in Figure 1-12b.

;ﬁ; direction
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Figure 1-12: a) Schematic of a spherical swimmer at low speed (Usd4/Ug =0.1) following
the step on a chemically patterned wall. b) Schematic of a spherical swimmer at high

speed (Usd/Up =0.4) passing over the step on a chemically patterned wall.
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For ellipsoidal swimmers the alignment effects are more pronounced. At low speeds
(Us9/Uo =0.12) there is a stable ‘edge-following’ state in which the particle remains at a
fixed distance and angle, almost parallel to the step edge, but tilted slightly towards the

more repulsive region, this is illustrated in Figure 1-13a.

U /U, =0.12 U< /U, =0.15 U*/U,=0.15

Figure 1-13: Schematic of ellipsoidal swimmer following a chemically patterned step.

From Uspal et al.>3

At a slightly higher speed (Us%/Uo =0.15) the edge-following state co-exists with a stable
docking state depending on the side and angle of approach to the chemical step. When
approaching from the more repulsive side, the swimmer passes over to the less
repulsive side and then follows the edge in the same way as the slower swimmer
(Figure 1-13b). When the swimmer approaches the edge from the less repulsive side, it
docks almost perpendicular with the edge and motion continues at this orientation

(Figure 1-13c).
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As with the spherical simulation, at high speeds (Us%/Uo =0.35) the swimmer passes
over the step in any situation where the direction is pointing towards the chemical step

(Figure 1-13d).

The study demonstrates the possibility for ‘edge-following’ ellipsoidal swimmers. The
swimmer propels along a chemically patterned wall at a consistent distance and
orientation. If these phenomena could be recreated experimentally in a controlled

manner it would open up the practical applications of micron scale swimmers.

1.6 Flow

When working with micron scale catalytic systems in fluid, a regularly occurring issue is
that of fluid convection, either as a by-product of the chemical reaction driving the
motion, or as a consequence of the application they are being used for. In fact, fluid is
almost never fully static and micron scale swimmers are disproportionately affected by
even small currents. It is important to understand how swimmers respond to different
flow fields in order to optimise them for real life applications. The use of active
swimmers in vivo would be subject to blood flow around the body, as swimmers used
for environmental remediation may be subject to river currents, and in systems with
large numbers of swimmers they would be subject to forces generated by other nearby

swimmers.

Fluid convection that is induced by chemical activity can be driven by heat evolution,
electron flow or differences in density of the chemical reactants and products in a
catalytic reaction. Due to the small size of the swimmers in question, these fluid
convection effects can override the autonomous motion desired for these devices. In
laboratory situations, the number of swimmers in a sample can be controlled to reduce
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or eliminate flow effects, however this hinders research into how the swimmers behave

collectively and for most applications it is likely that many swimmers would be needed.

In Pt/peroxide systems, the motion is driven by the decomposition of H202 by platinum
into water and oxygen. As the products (H20 and O2; densities 0.998 gcm= and
0.00143 gcm respectively) of this reaction are less dense than the reagents (H202;
density 1.45 gcm-3), density differences are generated around the colloids which causes
a rising convective flow. Due to the imposed boundary of the sample cuvette walls the
convective flow circulates back around forming a flow field that follows the cuvette
geometry, illustrated in Figure 1-14. As the colloids are significantly more dense than
the reactants/products, once coated they localize at the bottom plane of the cuvette and

the flow moves upward>*.

The flows generated by swimmers can be harnessed and used as micro-pumping

devices, or even used to direct the swimmers via artificial Rheotaxis.
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Figure 1-14:Schematic of a cyclical density driven flow produced by the

decomposition of hydrogen peroxide by catalytic swimmers. From Balasz et al. >*
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1.6.1 Micro-pumping

The use of catalytic swimmers or substrate patches can produce well defined flow fields
that can be harnessed to transport or pump inactive tracer particles around microfluidic

devices.

The Balasz group modelled a system where active colloids which were able to generate
a density driven flow field were mixed with passive colloids. The active and passive
particles form organised clusters which can be driven along the bottom of a micro-
channel by the flow. In this situation the active colloids act as chemical pumps and

motion of the passive tracer particles is driven by the resulting flow field>*.

L T i

0.5 Time = 89 min

>

Figure 1-15: Model of the fluid flows (arrows) generated by chemical decomposition
of peroxide around a mobile (red) particle which drags a (blue) tracer particle blue

from left to right. %4

The model is based on the decomposition of hydrogen peroxide and the system relies

upon the catalyst coated particle having a higher density than the surrounding fluid and
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sedimenting to the lower boundary of the sample holder. Whilst the less dense products
and uncoated tracer particles rise to the upper boundary driving a cyclical flow field in a

confined sample holder.

Farniya et al. demonstrated that in addition to the ‘pumping’ effect of Pt/peroxide
systems, the introduction of gold turns the reaction into an electrochemical cell. The
group used circular patches of platinum 20-50um in diameter patterned onto gold films

to manipulate negatively charged silica colloids into well packed colloidal crystals®®.

This effect occurs in sequential steps. Initially, after the pump is ‘turned on’, an excess
of protons are generated at the anode (gold) and then consumed at the cathode
(platinum). As a result, an electric field pointing inwards towards the platinum disk is

generated which drives fluid flows in the same direction. Negatively charged silica

e)gi??ff%&i“:::

Figure 1-16: Images showing the organisation of tracer colloids into an organised
crystal. an electric field pointing from gold to platinum drives a fluid flow in this

direction®>.
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colloid are initially repelled by this electric field leaving a band around the Pt patch

which is free of colloids.

Over time the excess production of protons leads to a decrease in the pH of the fluid
around the colloids and protonation of the colloids alters their zeta potential. The
reduced charge of the colloids promotes colloid interactions and clusters begin to form.
As these clusters form and the pH decreases further, the repulsion between the clusters
decreases and they arrange into well packed crystals around the Pt disk, see Figure

1-16.

In 2014 the Sen group showed that enzymes anchored to substrates can be used to
produce catalysis induced density driven flows. The group attached various enzymes to
glass substrates by patterning gold patches onto PEG covered slides and then using

thiol chemistry to anchor the chosen enzyme to the gold patch®®.

0 Glucose oxidase

Spacer Catalase Clucose o .
> LS | g —r9—F
‘ﬁ O Tracer particles (r)r rj Spacer
‘ ‘] o0+
Immobilized catalase Triggered pumping
on surface

Figure 1-17: Enzyme powered micro-pumps designed by Sengupta et al.>®

Catalase decomposes hydrogen peroxide into water and oxygen. When the fuel is
added with tracer particles, the tracer particles move towards the functionalised surface
indicating that fluid is pumped inwards. This effect is also seen for lipase and glucose
oxidase catalysts. The products of these catalytic reactions are less dense than the

reactants, so they rise to the upper surface of the container resulting in a cyclical flow.
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1.6.2 Orientation phenomena of active colloids in flow fields

Alongside investigations into pumping colloids, groups have started to investigate the
dynamics of non-pumping colloids in externally imposed flows which result from
mechanical rather than chemical sources®-%2, These imposed flow fields must be non-
pulsatile, extremely stable, and very low speeds. Few methods of producing flow are

able to meet these criteria:

Pressure pump: controls the flow rate by applying pressure to a sealed fluid reservoir.
The pressure applied by the air above the liquid surface pushes the liquid out of the

reservoir through microfluidic tubing at a constant rate.

Syringe pump: Syringe Pumps are widely used in microfluidic applications. Once a
syringe is filled with the liquid of interest, it is placed on the syringe pump, based on a
moving piston which is pushed (or pulled) by a motor. The force applied on the syringe
piston by the motor’s rotation of a screw corresponds to the flow rate. Syringe pumps
generally give less control over the flow rate than a pressure pump and are limited in

volume by the syringe capacity.

1.6.2.1 Artificial Rheotaxis

There have been several cases of confirmed rheotaxis in gold/platinum nanorods.
Baker et al. devised tuneable rheotaxing gold-platinum nanorods which orient parallel or
antiparallel to the direction of a flow field®2. In the absence of chemical fuel, the rods
travel along the streamlines. Hydrogen peroxide fuel is added via the externally
imposed flow to ‘activate’ the nanorods. The electrochemical decomposition reaction of

H202 across the anodic platinum and cathodic gold segments generates an ion flux
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along the nanorod which gives rise to a local dipole. The rod has an overall negative

zeta potential with a permanent separation of charges between the two metal halves.

When combined with a substrate such as polydimethylsiloxane (PDMS) or glass which
also has a negative zeta potential, the rods adopt an equilibrium position with respect to
the surface with the less negatively charged platinum end closer to the surface (Figure

1-18).

A. Reorienting for Rheotaxis

Figure 1-18: Schematic of rheotaxing gold-platinum nano-rods produced by Baker et

al.62

The imposed fluid flow has a shear gradient along the length of the tilted rods, which
respond to the dynamic environment by reorienting anti-parallel to the flow whilst
maintaining its equilibrium position from the surface. The fluid shearing gives rise to two

modes of artificial rheotaxis:

High shear flows with fast flow rates, which can be found in the bulk of the fluid, cause
negative rheotaxis. The active nanorods follow the flow streamlines much like the

passive rods.
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Low shear flows, with slow flow rates, are found near to the surface of the sample
container and especially in the corners. These slower flows allow positive rheotaxis,

where the nano rods migrate upstream in the anti-parallel position.

As rods migrate from high to low shear regimes their swimming direction flips from

negative to positive.

In 2017 Ren et al. combined the phenomena of artificial rheotaxis produced by a
chemically propulsive system with an acousto-fluidic device to achieve tuneable
negative and positive rheotaxis with efficient upstream migration®8. Bimetallic rods, 2-3
pm in length and 300nm in diameter were produced by template assisted
electrochemical deposition of rhodium/ rubidium and gold. The rods were tested in a

square glass capillary modified as an acousto-fluidic device.

The bimetallic micromotors in peroxide fuel exhibit propulsion via a self-electrophoretic
mechanism. In the absence of a shear flow this motion is directed towards the Rh end
in random directions. When a shear flow is introduced via the siphon effect, the rods
align axially with the flow with their Rh end against the flow and migration upstream
occurs, this illustrated in Figure 1-19.

(a) (b)
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Figure 1-19: Trajectories of rheotaxing nanorods designed by Ren et al.>®
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When tested in an acousto-fluidic device, the rods align axially with the flow and
acoustic field. In the absence of fuel, which drives the electrophoretic component of
alignment, the rods show no preference for which metal end faces against the flow. As
such, when swimming commences the motion is directed towards the Rh end either up

or downstream.

Whilst the chemically powered bimetallic motors exhibit unidirectional positive rheotaxis,
their upstream migration velocity is limited by the magnitude of the shear flow. A fast
shear flow gives better orientation control, but the process compromises the actual

velocity of the micromotor.

Acoustically powered micromotors achieve much higher velocities with more direction
control than their chemically powered counterparts but cannot achieve unidirectional
motion. When these two processes are combined, fast unidirectional rheotaxis can be

achieved in either the positive or negative direction.

1.7 Thesis Aims and Structure

The work presented in this thesis aims to further the understanding of how and to what
extent variances in the geometry of active swimmers (colloid shape and catalytic patch
shape) affect the behaviour and dynamics of the resulting active swimmers. It can be
seen in sections 1.5.1 and 1.5.2 that geometrical changes can be used to induce
desirable types of motion in many different catalytic systems but there is still a gap in

the literature for more complex, rotationally asymmetrical swimmer shapes.

Theoretical simulations of ellipsoidal swimmers, in particular, predict rich dynamics

depending on aspect ratio and proximity to bounding surfaces. Alignment phenomena
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are expected in response to flow fields and chemically patterned surfaces. The majority
of these predictions are as yet untested experimentally. Many of these predictions will

be explored as the bulk of the experimental work in this thesis.

This work focusses on Pt-insulator swimmers in hydrogen peroxide fuel which are
autonomously propelled at room temperature and require no external actuation. This
simplifies the experimental set up considerably and enables applications outside of the
lab to be considered, such as portable lab on chip devices, environmental remediation,
and micro-stirring. Peroxide as a fuel is readily available and inexpensive and as such
there is an interest in the literature to optimise such swimmers The system is
extensively studied for spherical swimmers, which will allow for direct comparisons of
the behaviours of the swimmers in this work, with previously published data and

predictions.

Chapter 2 will address the methods of synthesis, characterization and data analysis

used in this study.

The majority of the work presented will focus on the swimming dynamics of ellipsoidal
Janus ellipsoids coated in platinum along their long axis. The basics of motion, such as
the direction of motion with respect to the coating and the differing behaviours of
ellipsoids traveling in the bulk solution as opposed to those which follow the cuvette

surface, will be covered in chapter 3.

Chapter 4 combines two key concepts from the literature; shape and flow, in order to
direct the motion of ellipsoidal Janus swimmers in response to a self-generated density
driven flow field. To date this has only been achieved in metallic rods, and spheres in
response to an external flow stimuli. This chapter has also been prepared as a

manuscript ready for submission.
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Chapter 5 will focus on the catalyst geometry, to enhance the rotational velocity of the
resulting swimmers in one simple step. Catalytically propelled colloidal rotation has
been previously achieved in spherical swimming devices by means of neighbour
shadowing during catalyst deposition leading to non-symmetrical coatings. However, in
this work shadowing effects arise due to the ellipsoid’s inherent anisotropy, removing
the requirement for a closely packed colloidal crystal monolayer. This chapter has been
prepared as a manuscript titled “Rotating Ellipsoidal Catalytic Micro-Swimmers via
Glancing Angle Evaporation” and submitted to The Royal Society of Chemistry -

Materials Advances for review.

The final experimental chapter 6, presents some much more complex shaped colloids
which will be used as a base for catalytic swimmers. As discussed in the literature,
experimentally tested swimmers have so far been restricted to basic, well-defined
shapes. This chapter will investigate rotationally asymmetrical ‘bowl’ and ‘dumpling’
colloids. These geometries introduce a further degree of asymmetry with more possible
orientations and potential for shadowing prior to coating. This chapter will explore the
link between colloid shape and the quantity of rotational motion generated by catalyst
shape asymmetries under standard coating conditions. It is expected that a wider range
on angular velocities will be sampled than for spheres and ellipsoids as concave

catalytic surfaces induce uneven propulsion across the swimmer.
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Chapter 2:

Methods



2 Methods

This chapter will provide an overview of the methods of synthesis, characterization
and mathematical analysis for the swimmers studied in this thesis. Details of chapter
specific experimental procedures are covered in the experimental sections of the

chapter.

2.1 Synthesis

When preparing micron-scale active colloids, precise and reproducible synthesis
methods are key to ensure each colloid is of the same size and geometry, and that

there are no unwanted variances between batches.

As such, spherical swimmers were produced using purchased samples of
monodisperse spheres, and ellipsoidal colloids were produced by stretching these
already monodisperse colloids. This results in samples of ellipsoidal colloids that are

consistent in both geometry and size.

Methods for applying the catalyst were chosen similarly for precision and
reproducibility in the catalyst shape and thickness, which have been shown to have

significant effects on the motion achieved by swimmers?2%:2242,

2.1.1 Colloid stretching

Ellipsoidal colloids, studied in chapters 3-5, were produced by stretching spherical

polystyrene colloids with a diameter of 2.16 um (Sigma Aldrich)®. The spherical
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colloids were thoroughly mixed in a 25% wt. PVA (Mowiol 4-88 Sigma Aldrich) water
solution. This mixture was spread thinly in a petri dish and allowed to dry for 3 days.
The resulting film contained an even distribution of embedded isolated spherical

colloids.

This film was mounted in custom-built stretching equipment seen in Figure 2-1
(provided by Dr. Andrew Parnell, department of Physics and Astronomy, University
of Sheffield), that could apply a well-defined uni-axial displacement to the film and
dipped into an oil bath at 135 °C. This temperature was chosen as it is above the
glass transition temperature (Tg) of the polystyrene colloids (105 °C) and the PVA
film matrix (~38 °C). The process involved immersion followed by a rapid stretch and
removal which provides a rapid quench below Tg. The film was stretched to 4.5x its

original length, and after cooling the apparatus the film was released from the clamp.

Figure 2-1: Custom built stretching equipment for ellipsoid preparation.

To remove the colloids from the PVA matrix, the films were dissolved in a 70:30 ratio
of isopropyl alcohol and deionised water. The mixture was then centrifuged to
localise the colloids at the bottom of the tube and the supernatant was replaced with
deionised water. This process was repeated 3 times to ensure all of the PVA was

removed.
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2.1.2 Spin Coating

Spherical, bowl and dumpling shaped colloids, studied in chapter 6 were deposited
onto plasma cleaned glass slides via spin coating. This method allows for evenly
spaced monolayers of colloids in a short time frame. The removal of solvent during
the deposition process also reduces any solvent residue on the slides, caused by air
drying, which can contaminate samples. Bowl and dumpling shaped colloids were
produced by Prof. Syuji Fujii at Osaka Institute of Technology and spherical colloids

were purchased from Sigma-Aldrich.

The slide is secured in place on the stage by a low vacuum and the stage spins at
2000 rpm. Colloids are suspended in a solvent and then pipetted onto the rotating
stage from above, illustrated in Figure 2-2. As the stage spins and the solvent is
subjected to the vacuum it is evaporated off very quickly whilst the insoluble colloids

remain on the slide.

Droplet of sample
(pipetted from above) \

Q

Glass

N

Spinning stage

Figure 2-2: Schematic showing the spin coating process.
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2.1.3 Catalyst deposition

As previously discussed, the catalyst shape and thickness are extremely important
when preparing active swimmers, especially if the aim is a perfect Janus structure.
This work uses physical vapour deposition of platinum to apply the catalyst. There
are many methods for depositing platinum from solid however the coatings achieved
are not all of comparable quality. For a Janus structure the most precise method is
electron beam evaporation which is highly directional and via shadowing of the

underside of the colloid an almost perfect hemisphere can be achieved.

2.1.3.1 Electron beam evaporation

Electron beam evaporation is a physical vapour deposition technique which allows
for direct line of sight deposition (Figure 2-3) A target metal (in this case platinum) is
bombarded by an electron beam given off by a charged tungsten filament in a high
vacuum (=107 bar). The electron beam causes atoms from the target metal to
transform into the gaseous phase. Providing the system is under high vacuum and
there are no contaminants, these gaseous atoms have nothing to interact with
between the target and the sample to be coated so they precipitate onto the sample
directly above the target. This gives the metal deposition a high degree of
directionality and is the most effective way to achieve a hemispherical coating, the

underside of the colloid is almost completely shadowed and no metal is deposited®*.

Electron beam evaporation also allows for control over the thickness of the catalyst
coating using a quartz crystal monitor. The QCM uses the piezoelectric effect of a

thin quartz crystal between two electrodes to determine the mass of metal deposited.
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Figure 2-3: A basic representation of the sample chamber of an Electron beam

evaporator.

During the coating process an electric field is applied to the monitor which causes it

to oscillate at a certain resonance which is very sensitive to thickness changes. As

the metal is deposited onto the sample it is also depostied onto the QCM which

results in a change of resonance of the crystal, decreasing as the thickness

increases. This change in resonance frequency is converted into a mass change

using the Sauerbrey equation (Equation 2-1)%566;

Am

Af = 21
Ay PqHp

Equation 2-1:
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2.1.3.2 lon Sputtering

lon sputtering is another physical vapour deposition technique where metal atoms
are ejected from a solid target by energetic argon plasma (Figure 2-4). This process
is performed under low vacuum (=103 mBar) which dramatically decreases the time
taken to achieve the right pressure, but this increase in coating speed comes at the

cost of precision and vapour directionality.
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Figure 2-4. A basic representation of the sample chamber of ion sputtering

equipment.

The target metal is bombarded with Argon ions and collisions between gaseous
Argon ions and the atoms in the target occur, leading to a transfer of momentum
which sets the target atoms in motion. If enough energy is transferred the binding

energy can be overcome and an atom ejected. Higher ion energies cause collision
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cascades. When the cascades recoil with sufficient energy, atoms can be ejected

from the target.

Coating occurs via diffusion of these ejected atoms in any direction. This lack of
directionality removes the shadowing effect observed during electron beam
evaporation, so that all of the surface that is not covered will be coated, illustrated in
Figure 2-5. Control of coating thickness is also more difficult to achieve as there is no
quartz crystal monitor. Ideally, colloid coatings to produce micro-swimmers would
more precise and for this reason (where possible) electron beam evaporation will be
used to produce micro-swimmers, and sputter coating will only be used when faster

preparation times are required.

Electron beam evaporation Sputter Coating
Shadowing No shadowing
a a

|

Metal source Metal source

Figure 2-5: Schematic illustrating the directionality of electron beam evaporation and

sputter coating.
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2.2 Characterization

The techniques in this section were used to characterize the swimmers to ensure
that they are the desired size and shape and record high quality videos of their

motion for analysis.

2.2.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to produce high resolution images of
all colloids. The images were used to calculate the sizes of the colloids, investigate
any surface morphological features, and determine the orientation of asymmetrical
colloids after deposition on the slides. In some cases, where sufficient contrast could

be achieved, SEM was used to visualise the shape of the Pt cap.

SEM produces high resolution images of nano and micro-scale samples by scanning
the surface with a focussed beam of electrons®’, illustrated in Figure 2-6. These
electrons are emitted from an electron gun containing a tungsten filament cathode.
The electrons are accelerated towards the sample by an anode which is placed near
the gun and allows changes in voltage potential between the anode and electron gun
between 1 and 20 KeV. This allows tuning of the energy of the electron beam which

dictates signal intensity and the depth at which the electron penetrates the sample.

The electrons produced interact with atoms in the sample resulting in the emission
of Back Scattered Electrons (BSE), secondary electrons, X-rays and

cathodoluminescence in certain samples®.
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High energy BSEs are beam electrons which are reflected from deep in the sample
by elastic scattering. BSEs are most useful for providing contrast in samples
containing more than one material as heavy elements backscatter electrons more
strongly than light elements. Lower energy secondary electrons are emitted very
close to the sample surface and give detailed topographical and morphological
information. These electron signals are displayed as variations in brightness on a

computer monitor where each pixel is synchronised with the corresponding position

U Electron gun
= ¥ ]

of the beam on the sample.
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Figure 2-6: A simplified representation of the inner components of a Scanning

Electron Microscope.

The resulting image is a distribution map of signal intensity with objects showing as
white on a black background. In order to prevent damage to samples or equipment,

the sample must be conductive and able to withstand a high vacuum. If the sample is

49



non-conductive the electron beam causes a charge build-up in the sample, resulting
in machine faults and image artefacts. Samples are usually made conductive by
depositing a thin layer (5-10nm) of Gold onto the surface via ion sputtering (section
2.1.3.2). SEM images produced for this thesis were recorded using BSE signals at
15KeV for images requiring contrast and secondary electron signals at 10KeV to

visualise the finer details of colloid surfaces.

2.2.2 Optical Microscopy

Brightfield optical microscopy in transmission mode was used to view and record the
swimmers in fuel solution for tracking analysis. In brightfield microscopy,
conventionally, the sample is lit from below and light passes through the sample; the
contrast seen is from light transmitted through the sample. The microscope used in
this research is inverted, meaning that the light source and condenser are above the
sample, whilst the objectives and turret are below the sample. Inverted microscopes
are more suitable for observing samples in fluid in their natural state, particularly the
swimmers discussed in this work which tend to sediment to the lower surface of the
cuvette. Having the objective lens below the sample holder allows for better

resolution as the colloids are closer to the lower surface.

Optical microscopy uses visible light from an incandescent source and a system of
lenses to magnify samples on the micron-mm scale. The resolution of optical
microscopy is limited to the wavelength of visible light, theoretically between 390 and
700nm®%, however in practice 800 nm is the smallest object that could be resolved

successfully in most experimental set ups. As the colloids studied in this thesis are
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all of greater size than this limit, transmission mode microscopy is the most

appropriate characterization method.

The light source is incandescent, meaning it creates both heat and light, therefore
care must be taken to ensure that observed particles are not propelling due to
heating effects. The use of mean square displacement analysis (2.3.1) will help to

rule out heating effects and convection and confirm propulsive motion.

2.2.3 Fluorescence Microscopy

Fluorescence microscopy is very useful in the characterization of metal/insulator
swimmers. If a fluorescent base colloid is used, the metal coating masks the
fluorescence and when observed by a fluorescence microscope only the uncoated

section can be seen.
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source |
Objective
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Figure 2-7: Basic schematic of a fluorescence microscope
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This allows visualisation of both the size and shape of the catalyst patch and also the
direction of motion away from / towards the catalyst which is important information
when assigning a mechanism of motion.In fluorescence microscopy the specimen is
illuminated by light of a specific wavelength which corresponds to the wavelength
absorbed by fluorophores on the colloid surface. The light is absorbed by the
fluorophores causing the emission of light of a defined longer wavelength. A
dichromatic beam splitter (shown in Figure 2-7) is required to separate the excitation
and emitted light. The emitted light is transmitted through and eyepiece or camera

whilst the excitation light is reflected back towards the source.

2.3 Particle Tracking

The active swimmers in this thesis undergo enhanced motion when exposed to
hydrogen peroxide fuel as discussed in chapter 1. In order to confirm that the
enhanced motion is due to propulsion rather than convection effects, the motion

observed must be characterised.

This analysis allows the quantification of velocity, MSD and x-y coordinates of the

colloid to produce the trajectories displayed throughout this thesis.

2.3.1 Labview software and MSD analysis

A custom LabVIEW programme created by Dr. Stephen Ebbens and Dr. Jonathan

Howse was used to analyse the recorded videos and calculate the colloid’s centre of
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mass and location to give x-y coordinates. The x-y coordinates allow the calculation

of the mean square displacement, velocity and diffusion coefficient.

Mean square displacement (MSD) is a measure of the deviation of the position of a
particle over time with respect to a reference position, usually the starting position®.
It is calculated by averaging the square of the distance between 2 points over
incremental time intervals (At) see Equation 2-2 to Equation 2-4.The overall MSD is

then an average of the data for each time step”*.

2
(Li2+ Lo+ Lya+Las+ Lse)

Equation 2-2: AT = 1: (AL)? = -
Equation 2-3: AT = 2: (AL)? = (Lis+Laat Lystlae)”
; : .
2
Equation 2-4: AT =3 (ALy? = Uast Lz;+ La)
At=1 At=2 At=3
2
1 Li2 3
4
5 5 5

Figure 2-8:Schematic showing a simple 6 position MSD calculation.
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MSD analysis is especially useful in the field of active colloids as it allows the
distinction between expected Brownian diffusion and propulsion caused by chemical
gradients e.g. via electro-kinetic effects. The 2 dimensional MSD variation as a

function of time for a propulsive particle without any angular rotation is given by

Equation 2-5.
2.2 24t
Equation 2-5: (AL)? = 4DAt + 2 ZTR [% er —1
R
Where:

D= Diffusion coefficient
Af= Time interval
v = Velocity

1r= Inverse rotational diffusion coefficient

Over short periods of time At is significantly smaller than Tr meaning the colloid has
not had time to rotate. At this timescale, propulsion is in one direction with a ballistic

trajectory. MSD data at short time scales fits the simplified form, Equation 2-6.

Equation 2-6: (ALY? = 4DAt + v2At?

Over these short time scales, propulsion cannot not be distinguished from other
effects such as convection and sedimentation as the MSD vs. time plots appear the

same’?,
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Over longer time periods where At >> 1R, the direction of motion changes due to
rotation of the colloid. Propulsive motion changes from ballistic to diffusive behaviour

with an enhanced diffusion coefficient fitting from Equation 2-7.

V214

2

Equation 2-7: (ALY? = (4D + v?tp) At —

This transition from ballistic to diffusive behaviour is what separates propulsion from
convective motion, in which rotation of the colloid does not occur and ballistic motion
persists. A quadratic curve plot, seen in the red section of Figure 2-9, is indicative of
propulsive behaviour. Whereas enhanced diffusion such as Brownian motion

produces a straight-line plot’. This is shown in blue on Figure 2-9.
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Figure 2-9: A typical MSD plot for a propulsive micro swimmer without any rotational

propulsion.
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2.3.1.1 Derivation of Angular velocity, w

It has previously been confirmed for spherical swimmers that the size and shape of
the catalytic patch has a significant effect on the angular velocity, or rotational speed,
of a swimmer’3. This results in trajectories that range from linear motion with a large
deviation from the origin, to circular motion around a central point. The orientation of
asymmetrical colloids on the slide before deposition of platinum will affect the line-of-
sight deposition of the catalyst. The result is that of a variation in the size and shape
of the catalytic patch within a sample of swimmers. In order to investigate the effect
of catalyst deposition onto asymmetrical colloids, the angular velocity must be

derived from the MSD data.

The angular velocity is calculated by fitting the MSD curve for each swimmer with
Equation 2-8 using OriginPro graphing software using an iterative approach (Figure

2-10).

2 2(,,2_p2 2,-Dyt
Equation 2-8: (ALY? = 4Dt + 222t 4 2 (0?-D7) | 2vPeTPrt [(D? —

D+ w2 (D2+w?)’  (D2+ w?)

w?) cos wt — 2wD, sin wt]

Where:

D= Translational diffusion coefficient

D= Rotational diffusion coefficient

Af= Time interval

v = Translational velocity

w = Angular velocity

56



Tr = Inverse rotational diffusion coefficient

Kg = Boltzmann constant

R = Colloid radius

The fitting process requires the input of sensible values for v, Drand D:. The velocity
is provided by the LabVIEW software and Dr and D: are estimated using the Stokes

Einstein equations for spherical colloids:

Equation 2-9: D, = 6%2
Equation 2-10: = 8:’;23

600 L 1 L 1 L 1 L 1 L 1 L 1 L 1
Model Angularvelocity2 (User)
Y=4*D*x+((2*"2*R*X)/(RA2+
WA2))+((25v2* (Wh2-R2))((R
Equation A2+WA2)"2))+((2*v"2*exp((-1)
500 ROOU(R2 W2y 2 (R2- | |-
WA2)*cos (W*X)-2*W*R*sin(w*
Plot B
D 0 At 0.06692
R 8.65543E-4 At 5.32587E-4
400 - w 0.22933 A+ 1.61309E-4 -
v 2.63139 A+ 0.01111
Reduced Chi-Sqr 63.62751
R-Square(COD) 0.99812
N Adj. R-Square 0.99812
A 300 + =
-
<
A\
200 -
100 -
0 - -
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Time (s)

Figure 2-10:Screen capture from originpro graphing software of an MSD fitting

curve.
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The diffusion coefficients of elllipsoidal colloids were calculated by applying a perrin
factor’ to the diffusion coefficient of a sphere of the same volume. These

calculations are displayed in detail in chapter 3.

The bowl and dumpling shaped colloids under investigation do not have equations to
give accurate calculations, so these values have been estimated using the Stokes-

Einstein equation for spherical colloids (Equation 2-9 and Equation 2-10).
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Chapter 3:

Ellipsoidal Micro-swimmers



3 Ellipsoidal Micro-swimmers

3.1 Introduction

This chapter will act as an introduction to the main experimental theme in the thesis:
ellipsoidal swimmers. The work in this chapter was done concurrently with a similar
publication by Shemi et al. and as such much of the results confirm the findings in
this publication*’. This chapter characterizes the more basic aspects of the motion of
ellipsoidal micro-swimmers in order to fully understand the complex dynamics at play
in chapters 4 and 5, which move beyond the concurrent work by demonstrating novel
findings for the behaviour of catalytic ellipsoids in self-induced flow, and the ability to

impart controllable rotation to their trajectories.

The ellipsoids studied in this work were prepared using a simple stretching process,
starting with monodisperse polystyrene spheres which reduced the variation within

the resulting ellipsoidal colloids®.

Figure 3-1. Schematic of a PS-Pt ellipsoidal micro swimmer, coated along its major

axis, in hydrogen peroxide fuel.
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The dynamics of ellipsoidal micro swimmers has been previously investigated, both
theoretically and experimentally as discussed in detail in chapter 1. Shemi et al.
recently experimentally tested ellipsoidal micro swimmers, coated along their major
axis. They found that propulsion occurs in a direction perpendicular to their major

axis and that their velocity is dependent upon their aspect ratio*’.

Theoretical simulation of similar colloids have focussed on ellipsoids coated along
their short axis, which at present has not been achieved experimentally due to the
difficulty of orienting the colloids for such a coating via a physical vapour deposition

technique.

Uspal et al. modelled ellipsoids (spheroids) near chemically patterned surfaces and
concluded that the colloids will align (dock) with and follow a surface when

favourable chemical interactions are present®s.

The work in this chapter aims to expand upon previously established dynamics of
ellipsoidal micro-swimmers, with interest especially regarding the behaviours of the
swimmers near to boundaries, as compared to those in the bulk fluid and the
direction of motion from the catalytic patch. This additional data will facilitate a
deeper understanding of the mechanism by which ellipsoidal swimmers propel. It is
predicted that, like spherical swimmers, there is an electrophoretic component to the
mechanism. If this is the case, ellipsoidal swimmers are expected to experience
alignment with the chamber surface (lower) where rotations about the long axis are
guenched and the swimmer follows the surface at a stable distance. This effect is

discussed in detail by Nas et al*®.

61



3.2 Experimental

3.2.1 Synthesis

Colloid synthesis

Ellipsoidal colloids were produced by stretching spherical polystyrene colloids with a
starting diameter of 2.16 pm (Sigma Aldrich)®? as described in detail in section 2.1.1.
The cleaned colloids were deposited onto pre-cleaned glass by pipetting the

suspension into hydrogel wells to concentrate the colloids at the centre of the slide.

Catalyst coating

The ellipsoidal colloids were then coated with 10nm of chromium followed by 20 nm
of platinum (Kurt J Lesker 99.99% purity) while localised near the centre of the slide.
platinum was deposited via electron beam evaporation (Moorfield minilab) at =1x10-’

atm.

3.2.2 Tracking

Ellipsoidal colloids were transferred to solution by rubbing wetted lens tissue onto the
colloid deposited glass slides. The lens tissue was then shaken in a small volume of
deionised water which is then separated from the tissue to produce a low
concentration volume of the desired colloids in deionised water. In order to assess
the fuelled catalytic motion of the Janus ellipsoids, hydrogen peroxide was added to

these suspensions to produce a 10% wt aqueous solution. The ellipsoids were
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observed at 20x magnification once sedimented at the bottom surface of a quartz
cuvette with an inverted microscope (Nikon eclipse T-100 microscope) equipped with

a Pixelink PL-B742F camera.

Tracking videos were recorded for 30 seconds at a time, at a framerate of 33 fps and
a resolution of 640x480 pixels. These were taken of the colloids suspended in
solution to capture their diffusive/propulsive motion. Negative control experiments
without the addition of hydrogen peroxide were also performed as described. The x,y
coordinates of ellipsoids and tracer particles were determined as a function of time
using custom image analysis algorithms written using LabVIEW by Dr. Stephen
Ebbens and Dr. Jon Howse. The orientation of the asymmetrical ellipsoids
(Sorientation) Were determined as a function of time using an algorithm to determine the

major axis angle.

Angular Velocity analysis

As described in chapter 2 in detail, the angular velocity of the colloids can be
determined by fitting the mean-square displacement (MSD) data as a function of
time (AL°<t>) to the following expression’®: As these equations were derived for
spherical colloids, this is an estimation of angular velocity, using the diffusion
coefficient for an ellipsoid given by the Perrin friction factor.

ZvZDrt_l_sz(a)z—D,?) 2v2eDrt [( 2

D}+w? = (p2+w?)’ (DZ+ w?)?

Equation 3-1 : AL*(t) = 4D,t +

w?)Coswt — 2wD, Sinwt]
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This analysis was applied to the raw Xx,y, coordinates for the ellipsoidal colloids via
fitting with suitable physical constraints (all returned values >0, and physically

sensible constraints applied to D and Dy) performed using OriginPro.

3.3 Results

3.3.1 SEM and size analysis

Qualitatively it is apparent that reasonably uniform ellipsoids have been successfully
produced (Figure 3-2). Quantitative analysis of =100 ellipsoids reveals that the mean
major axis is 8.05 um + 0.98 and the mean minor axis is 2.33 pym = 0.34, giving a
mean aspect ratio of 3.55 + 0.78. The mean minor axis is slightly larger than that of
the starting colloid suggesting that the polystyrene expands during the stretching

process, resulting in decreased density of ellipsoids compared to spherical colloids.

Figure 3-2: Representative SEM image of ellipsoidal polystyrene colloids.
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3.3.2 Motion

Once the particle geometry was confirmed, the ellipsoids were coated with Pt while
localised on a planar substrate. This exploited the previously demonstrated
directionality of metal evaporation to produce a half-coated structure: a Janus

ellipsoid (Figure 3-1).

The ellipsoids were removed from the substrate and then suspended in an aqueous
Hydrogen Peroxide solution (10 wt. %), where the Pt catalyses the decomposition of
the fuel (H202), and was expected to produce motion in analogy to the much studied

conventional Janus spheres??.

Bulk vs. Surface restricted motion

Propulsive ellipsoids in hydrogen peroxide fuel are predominantly found to sediment
to the lower boundary of the cuvette. A small number of ellipsoids however can be
found in the bulk solution (<20% of the population). Analysis on both populations
revealed that sedimenting ellipsoids remain on the surface and translate in this
restricted plane (Figure 3-5b). Ellipsoids propelling in the bulk fluid have more
degrees of freedom, they can rotate freely around each of their axes (see Figure
3-4b) and swim in and out of the field of vision. As motion in the z-direction cannot

be resolved with an optical microscope this results in inconsistent data acquisition.

This is quantified by the angle between the field of vision (x,y plane) and the ellipsoid

given by Equation 3-2.

Measured length

Equation 3-2: CosO =

Known length
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Camera

Actual length
- known

e Visible length at 8=0; known length
g Visible length at 6>0; measured length

Figure 3-3: Schematic illustrating the calculation to derive the angle between the

field of vision and the ellipsoid, from the results provided by LabVIEW.

Custom LabVIEW software recorded the length of the major axis throughout the
tracking process. The length of the ellipsoid was used to calculate the fluctuating
angle between the colloid and the field of vision using the calculation illustrated in
Figure 3-3. The evolution of this angle was plotted for both ellipsoids translating in
the bulk solution, and those which had sedimented to the lower cuvette surface
(Figure 3-4c and Figure 3-5c). For ellipsoids in the bulk solution, the angle plot
shows no restriction of motion in the z-plane. In the example shown, the ellipsoid

rotates away from the field of vision causing © to steadily increase.
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In all cases where sedimentation occurs, the proximity of the ellipsoids to the
boundary resulted in them lying relatively flat against the cuvette wall. The angle plot
for a surface restricted ellipsoid shows that the major axis remains =20° away from
the field of vision and out of plane rotations were not observed, i.e. the ellipsoids

remain orientated as shown in Figure 3-5c.

In order to maintain as much experimental control of the ellipsoidal micro swimmers
as possible, further observations will be taken exclusively near the cuvette surface
and analysis will focus on the dynamics of the ellipsoidal micro swimmers near this

surface.
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Figure 3-4. a) A trajectory of an ellipsoidal Micro swimmer translating in the bulk
fluid, this type of swimmer represents <20% of the total swimmer population. b) A
schematic showing the allowed rotations around each axis for an ellipsoid in the bulk
fluid. c) a plot to show the fluctuation over time of the angle between the plane of

vision and the ellipsoid’s major axis for 30 seconds.
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Figure 3-5: a) A trajectory of an ellipsoidal swimmer translating near the cuvette
boundary, this type of swimmer represents >80% of the total swimmer population. b)
A schematic showing the allowed rotations around each axis for an ellipsoid near the
cuvette boundary. c) a plot to show the fluctuation over time of the angle between

the plane of vision and major axis for 30 seconds.
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Observations of motion

The mean translational velocity of the ellipsoidal micro-swimmers was

4.00+1.21ums™? and a range of behaviours was qualitatively observed.

Some ellipsoidal swimmers had almost purely ballistic behaviour resulting in long
smooth trajectories with few turns, like the one displayed in Figure 3-6. MSD plots for
this data show initially a quadratic curve which indicates propulsive behaviour, after a
short propulsive period the behaviour becomes diffusive, and the plot becomes more

linear.

This transition from propulsive to diffusive behaviour is indicative of an autonomously
propelling swimmer, if the curve were to persist without transitioning to diffusive
behaviour it is likely that the propulsion is caused by some external factor, e.g. flow

field2.
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Figure 3-6: Trajectory and corresponding MSD plot with angular velocity fitting

(w=8.88x10" rads™) for a representative ballistic Janus ellipsoid.
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Other trajectories showed circling behaviour, usually around a fixed point, which
persisted for the duration of the experiment. An example of this circling behaviour
can be seen in Figure 3-7. The MSD data for these ellipsoids showed a similar
guadratic curve initially, but as the swimmer turns and rotates, the direction of motion
is back towards the origin and so the gradient of distanced travelled becomes
negative and returns to zero. As the colloid turns, the distance travelled will go up

and down leading to oscillatory MSD plots.
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Figure 3-7: Trajectory and corresponding MSD plot with angular velocity fitting
(w=0.245 rads-1) for a representative slowly rotating Janus ellipsoid.
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These behaviours were analysed quantitatively by calculating the angular velocity for
each ellipsoid using the fitting procedure outlined in the methods section of this
chapter. Angular velocity analysis revealed a large spread of rotational speeds
spanning from 8.88x107 to 0.295 rads™ with an average value of 0.112 + 0.0880
rads. These values are much smaller than the reported average angular velocities
of well-spaced, hemispherical coated spheres of a similar volume (1.32 + 0.28 rads"
1). However, the much larger standard deviation of ellipsoidal data vs. spherical data
when compared to the mean value indicates a much larger range of angular
velocities than would be expected for a population of spherical Janus swimmers

coated using a line-of-sight deposition technique.

This increased deviation from the mean angular velocity is most likely caused by
shadowing effects during the coating, levels of adventitious angular propulsion has
also been observed for Janus spheres, and was assigned to asymmetries in the
coating’®. As the ellipsoid has anisotropy and an orientation with respect to the
metal source which spheres do not, areas will be blocked from platinum deposition
whilst others will have an excessive build-up of platinum. This would cause an
imbalance of forces across the catalytic surface and could explain the spinning

behaviour seen. This theory will be tested in more detail in chapter 5.

Spheres achieve higher velocities generally =16 yms™* vs =5 ums* for ellipsoidal
swimmers. This is consistent with the spheres much higher diffusion coefficient
which is approximately double that of the ellipsoid. This is presented in detail later in
this section using Equation 3-3. Whilst spherical swimmer motion is faster it is much
more erratic than ellipsoidal swimmer motion, the ellipsoids larger effective radius

acts to reduce random reorientations of swimmers leading to less noisy trajectories
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with increased directionality. These differences are important when considering
geometries of swimmers for specific applications. Spheres would be more
appropriate for applications where high speeds are more important than persistent
directionality of a swimmer. Applications such as cargo delivery would be more
suited to ellipsoids which have more directional motion and more surface area for

cargo carrying.

Currently our observations cannot discern if ellipsoids are translating away from or
towards the Pt cap. For this study we depict motion as occurring away from the Pt
cap, in analogy to previous observations for Janus spheres and assume analogous
mechanisms of motion, although this is not confirmed. A lack of bubble nucleation at
the surface of the swimmers is strongly suggestive of a diffusiophoretic or self-

electrophoretic mechanism.
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In the absence of fuel, ellipsoids displayed only small displacement and random
rotations. These were quantitatively confirmed to be consistent with Brownian motion
alone (Figure 3-8) as the ensemble average MSD plot for 10 Brownian ellipsoids
shows no quadratic curve, only linear diffusive behaviour. This confirms that the

observed motion is due to the catalytic reaction.
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Figure 3-8: Trajectory and corresponding ensemble average MSD plot for a
population of 10 Janus ellipsoids undergoing Brownian motion in the absence of

hydrogen peroxide fuel. Error bars indicate the standard deviation for each timestep.
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These control experiments were also used to determine the diffusion coefficient of
ellipsoidal colloids. The experimentally measured diffusion coefficient was on
average 0.0730 + 0.0107 ums™. This is consistent with the theoretically calculated
diffusion coefficient for a prolate spheroid (ellipsoid with 2 short and one long axis)
which was calculated to be 0.0761 pums™ using a Perrin friction factor’* and the

following equations (Equation 3-3 to Equation 3-5) derived from the Stokes-Einstein

equation’®:
. kgT
Equation 3-3: D=-=
ftot
Where:

D = diffusion coefficient

Kg = Boltzmann constant

T= temperature

frot = fspherefP

Where fp is the perrin friction factor (Equation 3-4) for the ellipsoid and fsphere

(Equation 3-5)is the friction coefficient of a sphere of equivalent volume.

Equation 3-4: p = 2%3
1
: . 3V\3
Equation 3-5: fsphere = O6MNRepp = 61N (E)
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Where:

n = dynamic viscosity

Reff = effective radius

p = axial ratio, major/minor axis

SE2 —ata?hg and
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Direction of motion

Ellipsoids in the surface-restricted configuration were qualitatively observed to
produce enhanced translation perpendicular to their major axis, with some ellipsoids
showing almost linear paths like the example in Figure 3-6, and others showing
persistent circling behaviour, see Figure 3-7.
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Figure 3-9: a) Diagram showing axis assignment and angles of interest b)
Difference between orientation of ellipsoid body long axis and direction of travel for

a representative ellipsoidal micro-swimmer.
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For the linear trajectories, plots of the angle of translation relative to the angle of
orientation of the major axis (See Figure 3-9b) confirm the translational motion is
almost perpendicular to the major axis. Analysis of the average angle between
orientation and direction for a larger population (Figure 3-10) revealed that this is
consistent for all ellipsoidal swimmers studied, however ballistic swimmers have

smaller standard deviations.
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Figure 3-10: Average angle between orientation and direction for a series of

swimmers.

These qualitative observations strongly suggest i) the propulsive motion direction is
perpendicular to the orientation of the cap/major axis. ii) the platinum coated half
adopts a constant perpendicular alignment relative to the boundary as shown in

Figure 3-5b, with Brownian rotation about the axis shown in red is quenched. This
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later point follows from the first: if rotation about this axis was unrestricted, the
ellipsoid could not make translations in a persistent direction. This effect is observed
in Figure 3-4a&c where the motion is initially directed perpendicular to the major
axis, but rotations about this axis disrupt the motion and the ellipsoid leaves the
plane of vision. The origin of this boundary alignment effect was thoroughly
investigated for Janus spheres, and attributed to specific mechanistic details*8%7, it is

likely that a similar mechanism exists for the ellipsoids, which only differ in geometry.
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3.3.3 Self-generated flow

While making these observations to document the motion of the Janus ellipsoids, the
motion of occasional non-propulsive small-scale debris particles within the cuvettes
revealed that a fluid flow phenomenon, driven by the density differences between the
products and reactants of the catalytic reaction, was also occurring in the fuelled

ellipsoid suspensions.

As it is well known that such fluid flows can complicate the quantitative analysis of
propulsive systems, tracer particles without any catalytic activity were deliberately
introduced into the cuvette to aid measurement of the magnitude and
direction/stability of the flow. These tracers revealed that the flow was circulatory and
well defined relative to the macroscopic geometry of the cuvette, such that circulation
occurred along the long axis of the rectangular cuvette. The tracers revealed that the
flow velocity in the near surface region ranged from 0.372 ums™ to 1.33 pms* with
an average of 0.682+0.330 ums™. In addition, the flow uniquely occurred in the
presence of fuelled ellipsoidal Janus colloids: control experiments with the same
concentration of tracers and ellipsoidal Janus colloids in absence of hydrogen
peroxide did not produce any detectable flow. This suggests that the flow is not
induced simply by sedimenting tracer colloids/ellipsoids, but instead is likely to
indicate density driven convective flow due to the production of less dense product
molecules by the catalytically active Janus colloids. The details of this self-generated
flow and the dynamics of the ellipsoidal swimmers that are exposed to it will be

investigated in detail in chapter 4.
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3.4 Discussion

3.4.1 Translational and Angular velocity

Initial experiments with ellipsoidal Janus swimmers revealed an average translational
velocity of 4.00+1.21 umst which is in the range of spherical swimmers velocities
under similar conditions 76. The reduction of speed is likely due to the significantly
reduced diffusion coefficient of 0.0761 ums? compared to a sphere of the same
volume which has a diffusion coefficient of 0.139 pms, this reduction occurs

because the ellipsoidal colloid has a much larger effective radius than a sphere.

Ellipsoidal swimmers were also found to have a large range of angular velocities
within a single sample coated at standard operating conditions. This “undesigned” or
adventitious spin has been also observed for spheres, the ability to enhance and

control the level of spin is the subject of detailed investigation in chapter 5

3.4.2 Bulk vs. surface following motion

Most ellipsoidal swimmers were predominantly found to sediment to the lower
surface of the cuvette and adopt a relatively stable orientation 20° from the surface.
These ellipsoids were restricted to surface following motion in the x-y plane. The
direction of this motion was confirmed to be perpendicular to the ellipsoids major axis
which is to be expected for coatings along this long axis. Few ellipsoids were found
translating in the bulk fluid, but the few that were, were able to translate in the z
direction as well as the x-y plane and rotations about the major axis were not
guenched. This increase in degrees of freedom adds unwanted complexity to
analysis of results with low yields in terms of advantageous behaviour for practical
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applications. As such all future investigations of ellipsoidal micro-swimmers in
chapters 4 and 5 will focus on surface following ellipsoid at the lower boundary of the

cuvette.

3.4.3 Previous work

Whilst related to the concurrent work,*’, the findings in this chapter do differ in two
key aspects: In the publication, there was no mention of a self-generated flow field
which this thesis considers in detail in chapter 4 as it introduces additional
complexity and alignment effects. Previous work on spherical Pt swimmers in H20z,
which produced a flow field, found that the sample holder geometry, colloid size and
volume fraction significantly affected the magnitude of the resulting flow’’. Flow
velocities for larger swimmers above the volume fraction threshold produced much

faster flows.

The flows generated by ellipsoids in this study are likely a consequence of the
sample cuvette geometry which was initially chosen as the sealed system allows for
more experimental flexibility once fuel is added. The sample can be easily
transported between microscopes or even laboratories. The flow was found to cause
an alignment effect and so experiments (chapter 4) were continued using the cuvette
to investigate this. Shemi et al. opted for an open chambered cover glass which
given its 2d nature and lack of an upper bounding surface would not result in the

cyclical flow found in this work.

Despite many experimental similarities, the results of this chapter and that of

Shemi’s study differ quite dramatically. The range of angular velocities reported by
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them was transient, meaning ellipsoids could transition between ballistic and
rotational behaviour, often after interacting with another swimmer. This is not
consistent with the majority of published work on active colloids, where the motion
observed is generally fixed in nature. However, the majority of work focusses on low
volume fractions of swimmers where interactions between individual swimmers are
unlikely. The dynamics of active swimmers are both complex and easily influenced.
Small changes such as the surface chemistry of the boundary where the ellipsoids
translate could affect the motion seen and potentially cause this transient behaviour.
Whilst interesting, these results suggest that the rotations seen were not caused by
catalyst asymmetries which would result in persistent rotations, like the rotating

ellipsoids in this chapter.

The persistent rotations seen here are very likely caused by catalytic asymmetries
which then allow tuning of the angular velocity which would be ineffective in a
transient system. This will be confirmed in chapter 5 where further asymmetries are

introduced to increase the rotational velocity.

The comparison here between two similar investigations highlights how sensitive
these active swimmer systems are towards seemingly small changes such as
chamber geometry or colloid size. This is an issue that effects the whole field of
active colloids in that reproducibility of these colloids to guarantee certain behaviours
each time still needs much more work. An effort to standardise coating method,
thickness and also sample chambers across the field would likely lead to higher
reproducibility of swimming devices but would come at large upfront equipment costs

for research groups attempting to do so.
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3.4.4 Mechanism

The direction of motion, towards or away from the catalyst, could not be discerned
for ellipsoidal swimmers. Attempts to observe the direction of motion directly using
fluorescence microscopy were unsuccessful due to the unprecedented amount of
fluorescence bleaching that occurs when ellipsoids are exposed to the electron
source during coating. As spherical swimmers do not experience this level of
fluorescence bleaching, it is likely that changes in the distribution and stability of
fluorophore occurred during the stretching process which made the colloids more
vulnerable to bleaching. Without confirmation of this direction, it is impossible to
assign a definite mechanism of motion for ellipsoidal swimmers, however it is
extremely likely that the mechanism is the same as for Pt/PS spherical swimmers
which are analogous in all ways except for geometry. Lack of evidence of any bubble
nucleation on the surface of the colloids and an extreme sensitivity to contamination
are strongly indicative of a self-electrophoretic mechanism like the spherical

swimmers?22,

The stable orientation of ellipsoids on the lower boundary, with rotational quenching
about the major axis also lends credibility to an electrophoretic mechanism. Das et
al. modelled spherical Pt-PS Janus swimmers near a bounding surface and found
that rotational quenching and orientational stability of active swimmers on a surface
is dependent on a self-electrophoretic mechanism where the motion is away from the

Pt cap“®.
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3.5 Conclusions

Observation of the motion of ~9x4 um Janus ellipsoidal micro-swimmers in hydrogen
peroxide fuel revealed that when coated along their major axis the ellipsoids travel in
a direction perpendicular to this, as predicted in theoretical literature. A range of
angular velocities from 8.88x1077 to 0.295 rads™® over a sample of 20 separate
ellipsoids is observed within a single sample of swimmers produced under standard
conditions. Swimmers which are considered high spin in this sample (>0.15 rads™)
account for 27.27% of the total population and are attributed to defects in the
catalytic coating based on previous literature?!. The fixed, non-varying rotational
velocities observed in ellipsoidal swimmers suggest a strong link between the cap
shape, including defects, and the resulting motion. This link between cap shape and
angular velocity will be exploited in chapter 5, where the symmetry of the cap will be
intentionally broken, producing ellipsoidal swimmers with significantly higher angular

velocity.

In addition to the typical motion, it was found that even at very low volume fractions,
the decomposition of hydrogen peroxide by ellipsoidal swimmers generates a
significant cylindrical density driven convective flow within the sample cuvette. This is
likely due to the significantly increased catalyst surface area when compared to an
analogous sphere. The flow characteristics and the dynamics of ellipsoidal

swimmers in response to this flow will be explored in detail in the following chapter.
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Chapter 4:

Flow phenomena in

ellipsoidal micro-swimmers
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4 Flow phenomena in ellipsoidal micro-swimmers

4.1 Introduction

Chapter 3 noted that under ‘normal’ testing conditions, ellipsoidal micro-swimmers
generate an appreciable convective flow within the sample cuvette, which was
absent in a related study. This connective flow is significantly more persistent
compared with their spherical counterparts. A schematic of the cuvette and resulting
flow field, as qualitatively observed during these initial experiments, is shown in

Figure 4-1.

Figure 4-1: Schematic of the experimental set up leading to a convective flow (red

arrow)

Our system for motion relies upon a catalytic decomposition of platinum by hydrogen
peroxide into gaseous oxygen and water. As the products (H20 and Og2; densities
0.998 gcm and 0.00143 gcm2 respectively) of this reaction are less dense than the
reagents (H202; density (1.45 gcm2), density differences are generated around the
colloids which causes a rising convective flow. Due to the imposed boundary of the
sample cuvette walls the convective flow circulates back around forming a flow field

that follows the cuvette geometry’’, see Figure 4-2 for diagram.
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Figure 4-2: Diagram showing the formation of cyclical flow due to density differences

of products and reactants within a closed cuvette.

In order to understand this unusual observation, investigation of the origin of the flow
and its implications on the autonomous motion of ellipsoidal micro-swimmers was

conducted.

Initial qualitative observations also suggested that the inbuilt asymmetry of the
ellipsoidal swimmers introduces a preference to align with the major axis almost
parallel to the direction of the driven flow field, Figure 4-3. This chapter describes
how this leads to the ellipsoids performing motion that is biased by the self-
generated flow, which in turn can be related to the macroscopic shape of the

container they are in.

\/

i

Figure 4-3: Diagram showing the effect of orientation of ellipsoidal colloids in a

density driven flow field. Red arrows indicate the direction of the flow.
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4.2 Experimental

4.2.1 Convective Flow

Ellipsoidal colloids were coated and tested using the procedure outlined in chapter 3.
In these experiments 0.1% wt. solids of (1 um diameter) polystyrene tracer particles
(Sigma-Aldrich) were added to allow any convective flow to be visualised. The
motion of each tracer particle that remained within the field of view during a given
video was averaged in order to obtain an estimate of the flow velocity (magnitude
and orientation). This was performed by averaging the vectors indicating the start
and end position of each useful tracer particle. This average flow vector was then
used to correct the x,y trajectories for the influence of flow, by subtracting the
average x and y flow displacement contribution from the observed x and y

displacements as a function of time.

An estimate of the angle of the direction of travel, Oudireciion, for the ellipsoidal colloids
was obtained from these flow corrected trajectories; this was after smoothing with
the Savitzky-Golay algorithm set at 30 pts to reduce noise in the direction angle data

due to Brownian motion.

4.2.2 Induced Flow

To investigate the self-generated flow phenomena, it was necessary to also conduct
experiments in a well-defined externally induced flow. A Dolomite P-Pump (Figure
4-4) was used, at 500 mBar, to produce a flow of approximately 10 ums through a
PDMS sample chamber. Uncoated polystyrene ellipsoids (2x9 um) and spheres
(2.16um diameter) were introduced to the flow and observed near the lower surface,
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close to the centre of the sample chamber. The colloids were tracked using a (Nikon

eclipse T-100 microscope) equipped with a Pixelink PL-B742F camera.

Figure 4-4: Photographs of the pump and sample chamber used to create the

externally imposed flow.
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4.3 Results

In this work observations focused solely on Janus ellipsoids moving near the lower
surface of the sample holder, in order to avoid the complexities of considering the

rotational freedom in the bulk solution discussed in chapter 3.

An externally imposed flow field analogous to the flow produced by the Janus
ellipsoids was used to run control experiments in the absence of the catalytic
reaction after the discovery that active ellipsoids show some degree of alignment.
These experiments were conducted in order to determine whether inactive ellipsoids
align in a flow field. An inherent alignment effect for ellipsoidal shaped colloids
reinforces the conclusion that active ellipsoids in a flow also align, thus enabling

crossflow motion.

This well-defined flow was also used to help understand the dynamics of the self-
convective flow and allow further fitting of the flow profile experienced by the active
ellipsoids in the presence of the catalytic reaction. For this reason, the results of the
control experiments and flow profile predictions are presented before the self-

generated flow.

4.3.1 External imposed flow (Control)

A Dolomite P-pump was used to produce a relatively stable flow with an average
mass flow rate of 4.078x10® kgs™. This gives an average tracer velocity of =7 yms
(measured by LABView software). This was used as a control experiment to

investigate the dynamics of passive ellipsoids in a low-speed flow.
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4.3.1.1 Prediction of the velocity profile in the chamber

To determine the characteristics of the flow regime created by the pump, the
Reynolds number of the fluid was calculated using experimentally determined
measurements. Vayg was calculated from the experimental mass flow rate of

4.078x108 kgs™ to be 37.18 ums* using Equation 4-1.
Equation 4-1: m=—= pAI7
Where:

m = mass flow rate (kgs™)

m = mass (kg)

t=time (s)

A = flow area (m?)

V= average velocity (ms™)

The experimentally determined velocity was then used to calculate the Reynold’s

number using Equation 4-2 and Figure 4-5.

Equation 4-2: Re = %

p = density of fluid (kgm™3)
V= velocity of fluid (ms™)

Dn = hydraulic diameter (dimensionless) , D, = 2wth)
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M= dynamic viscosity (Pa s)

h = 100x10% m

w = 11x103m

Figure 4-5: Schematic showing relevant dimensions of the sample holder for

Reynold's number calculation.

The Reynolds number of the fluid in the chamber was determined to be =0.0825,

which is considered laminar flow (<2000) 7°.

The velocity profile of the flow chamber was approximated using the simplified

equation for laminar flow in ducts with rectangular cross sections®.

Equation 4-3: V=_>1-%"™—-1-2%

Flow

Height; 2 Direction ()

Figure 4-6: Schematic showing coordinates as assigned for these calculations.
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Where:

V = reduced velocity, V/Vmax

X= reduced width, 2x/w

2= reduced height, 2z/h

m= 1.54 x w/h

Vmax was calculated for the external flow pump from the calculated average velocity,

where Vmax=2*Vavg. Which corresponds to a Vmax of 74.36ums™.

Using the calculated Vmax, the z-profile of the flow was approximated across the
entire z-axis and in the region of interest where experiments were performed (within

10pums™).
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Z-Shear profile over the whole sample chamber at x=width/2

The flow profile in the z direction over the whole sample chamber shows a dramatic
increase from the centre of the chamber where the shearing is near zero, to a very

high shear rate near the boundaries of the sample chamber.
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Height (um)

Figure 4-7: The predicted flow profile for a laminar shear flow in the z direction
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Z- Shear profile in the region of interest (within 10 um of the lower boundary)

As all the ellipsoid observations were performed within a few microns of the lower
boundary, this region of interest was investigated further. It can be seen in Figure 4-8
that the flow velocity in this region increases in an almost linear fashion with a
gradient/shear strain rate of =2.25 s1. This is in dramatic contrast with the centre of
the sample chamber where the shear strain rate is 0 and increases to just 0.4 s* at

10 pum from the centre.

25 T T T T T T T T T T T

20 o .
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|
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Height (um)

Figure 4-8: Z-shear profile within 10um of the lower boundary. The expected range
of heights and their corresponding experienced flow velocities are indicated within

the dashed red lines.
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X- shear profile at z=2.5um from the lower boundary

The height of the ellipsoids in the exteral flow was estimated usng the predicted z
shear profile and the experimentally measured passive ellipsoid velocities. An
average velocity of =7 pums™ correspond to an estimated height of 2.5 pm from the
lower surface of the sample chamber. These values were used to predict the profile
of the x-shear experienced at the experimental height. As the chamber is very wide
compared to it's height, the amount of shear experienced across the chamber is very

low compared to the dramatic shearing in the z-direction seen in Figure 4-9

entre line

Vv

max

Flow velocity (ums™)

1- 5 Y 7]

U Le‘ft boundary Right bounE‘jary
4 1 V=0 V=0 1

0 2 4 6 8 10 12

Width (mm)
Figure 4-9: Prediction of the flow profile across the width of the sample holder at a

height of 2.5 pm.
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X-shear profile in region of interest (within 500um of centre of chamber when

z=2.5um)

When the region of interest is considered, it becomes clear that the x- component of
the fluid shearing is negligible and does not contribute to the alignment effect seen
for ellipsoidal colloids. Note that this analysis of x shear is not sensitive to the details
of the height selected. The magnitude of the flow velocity is affected by changes in
height, but the amount of shear is unchanged in the region of interest when different
heights are selected, this can be seen in Figure 4-10 where the red line shows
shearing 1um below the experimental height and the blue line shows shearing 1um

above.

12 , . , . , . , . , . ,

10 A—A A A A A A A A A 4 -

oo
1
1

Flow velocity (ums™)
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1
1

0 T T T T T T T T T T T
0 100 200 300 400 500

Distance from the centre of the chamber (um)
Figure 4-10: X- shearing in the region of interest near the centre of the sample

chamber at our experimental height (black) and £1um from the experimental height

red is 1um below the experimental height whilst blue is 1um above.
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4.3.1.2 Experimental analysis of velocity profile in induced flow

2.16 pm diameter spherical tracer particles were used to establish the direction and
flow velocity; typical trajectories for these tracer particles in one representative field

of view can be seen in Figure 4-11.
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Figure 4-11: Trajectories of tracer particles in a pressure pump induced flow for 10

seconds. Tracers have been numbered from left to right.

The tracers were assigned a number corresponding to their position on the graph,
from left to right. Analysis of the velocities of the tracers (Figure 4-12) show a trend
of increasing velocity from left to right, which is inconsistent with the theoretical
prediction that there is negligible x- shearing at constant height. Considering that
these experiments were recorded near the centre of the cuvette where x-shearing is
expected to be even lower, this is likely to be explained by the large amount of z
shearing. A height change of just 0.5 um can cause a change in velocity of >1 pms™.

Changes in height of up to =2 um are not obvious in the recorded videos, due to the
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focal depth of the objectives used. We expect this leads to the velocity variations in
colloids that are recorded at nominally the same focal height, preventing us

experimentally confirming the low x-y shear.

It is however also possible that these inconsistencies stem from deviation in our

experimental conditions that are not considered in the theoretical predictions.

10 - .

Velocity (ums™)
N
1

Tracer Number

Figure 4-12: Velocities of tracers shown in Figure 4-11, the tracer position
corresponds to the number assigned in Figure 4-11. The predicted flow profile at

this height is overlaid in red squares.
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4.3.1.3 Orientation and Direction of motion of passive ellipsoids

Figure 4-13a shows a representative trajectory from a non-active ellipsoid, overlaid
with a time-lapse microscope image (20x magnification). Qualitatively it can be seen
that in the absence of a catalytic system of motion, the colloid’s major axis
predominantly aligns close to the flow direction and travel is in this direction. Whilst
the ellipsoids mostly prefer to align their long axis parallel to the flow direction,
occasionally they will lose this alignment and spin out before quickly realigning as
they were before. This is likely due to slight asymmetries in the shape of the colloids.

This effect can be seen in the time lapse image presented in Figure 4-13c.
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Figure 4-13: a) Trajectory of a passive ellipsoid travelling in a 10 ums-1 externally
induced flow; overlaid with a time lapse image. b) MSD analysis of trajectory a).c) A

30s time lapse image of an ellipsoid translating in a 10 pms™! externally induced flow
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The MSD data for the colloid shows a continuing quadratic, not returning to linear —
as is seen for catalytic colloids in still fluids, consistent with ballistic motion with a
constant velocity indicative of particles which are translated by the steady state
imposed fluid flow °. The quadratic is maintained throughout the entire video
capture, with no change to diffusive behaviour which would appear as a

straightening of the MSD curve.

For passive ellipsoids in a stable flow, perfect alignment was considered to be:

Oriow = Opirection = Oorientation

The recorded orientation ©0 and calculated direction of motion ©p for each frame of
the videos were subtracted from the overall flow direction, ©F and binned to give a
distribution of the frequency of a certain angle. This data was collated over a series
of 15 separate colloids and is displayed as a time fraction in Figure 4-14. For
example, the wind-rose diagram for direction of motion (Figure 4-14a) shows that,
when all ellipsoidal colloids are considered the direction of motion is within +10° of
the flow direction for =37% of the time that they are moving. Almost 65% of the total
moving time is within £ 30° of the flow direction. This is strongly indicative of an
alignment effect, as in the absence of one, the wind-rose diagram should show an

even distribution of angles for the direction of motion with time fractions =11% each.

The data for the orientation (Figure 4-14b) shows a weak degree of parallel
alignment with the flow direction, little time is spent within £10° of the flow direction.
Symmetrical peaks are instead seen between +10-30°, and the average angle
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between the major axis and the flow direction was calculated to be 25.77° which
suggests that alignment of the major axis is offset by around +20-30°. As with the
direction data, this does indicate a degree of alignment as the distribution is not
evenly spread. However, it is not the expected result of the major axis aligning
parallel with the flow. The time-lapse image seen in Figure 4-13c shows an ellipsoid
undergoing loss of orientational alignment and ‘spinning out’ of its initial path, whilst
orientational alignment is lost the direction of motion is maintained. These periods of
misalignment contribute to the offset seen for orientation data and may be due shape

imperfections which affect hydrodynamic interactions of colloids.

Despite this misalignment of the orientation, the wind rose diagram for the direction
of motion (Figure 4-14a) shows a significant preference towards moving directly

parallel with the flow direction.
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Figure 4-14: Binned wind rose diagrams showing alignment with the direction of flow

for passive ellipsoidal colloids in a 10 ums-timposed flow: a) distribution of direction

angles. b) distribution of orientation angles.
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4.3.2 Self-generated convective flow

Catalytically active ellipsoids were observed on the lower boundary of the cuvette in
the presence of (2.16um) spherical tracer colloids. Qualitatively it can be seen
(Figure 4-15) that the ellipsoid translates across the flow field not down the
streamlines. MSD analysis shown in Figure 4-16 confirms that this motion is due to
propulsion rather than convection. The quadratic curve seen up until =20s
straightens out as a degree of Brownian rotations lead to linear diffusive behaviour
which is not seen when convection is the sole cause of propulsion, as in Figure
4-13b. This long term return to diffusion also illustrates that the cross-flow migration

is a statistical tendency rather than reflecting complete control of trajectory due to a
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Figure 4-15: A representative trajectory of an ellipsoidal micro swimmer, overlaid
with a time lapse image (30s). Tracer particles illustrating the self-induced
convective flow field are shown in colour whilst the propulsive ellipsoid is shown in

black.
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fixed orientation, and the ellipsoid still undergoes a degree of stochastic rotation.
This is reminiscent of the case of gravitational alignment of spherical Janus colloids
where Brownian rotation and gravitational alignment compete to produce the

observed trajectories.8!

It is shown in the literature that objects with a long body axis, such as prolate
ellipsoids studied here, have a preferential orientation with respect to different types
of flow fields828384 The examples given are of turbulent or ‘simple shear’ flows and
do not match the conditions of the flow that is tested in this chapter (laminar shear
flow in a duct); however, it seems likely that the ellipsoidal colloids will adopt a
preferred orientation with respect to any linear flow. This is supported by the results

in the previous section where passive ellipsoids preferentially aligned in the direction

of the flow.
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Figure 4-16: MSD graph for the swimmer shown in Figure 4-15.
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Due to the lack of literature available on the specific conditions used during

experiments, a prediction of the flow profile was used to understand the dynamics of

the self-generated convective flow and investigate the cause of the alignment effects

observed.

4.3.2.1 Fitting of the flow profile

The case of self-generated convective flow which is discussed in this section is

significantly more complex than the externally imposed flow. The z-flow profile in the

case of a convective flow in a channel, where H<L, has been described

mathematically by Williams et al. using the equation®®:

. 1(2)\3 1(2)\? 1 (z
ravaton 44wy = o [3(7) ~3 () + 5]

Where:

uxz) = flow velocity at a given height (z)

u» = BgGH3/96v, a characteristic velocity of the flow?8®
Z = z position

H= total height
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Figure 4-17: Predicted thin (H < L) channel velocity profiles for a flow due to

convection from Williams et al8>.

When plotted over a range of z (height) values this gives the predicted flow profile

seen in Figure 4-17.

In a self-imposed convective flow, the less dense products rise and the denser
reactants fall generating a cyclical flow within the cuvette, the result of this is two
cross sectional flows, one on top of each other, going in opposite directions. Where
these directional flows meet at H/2, the velocity reduces to zero which can be seen

in Figure 4-17.

This predicted flow profile is expected to resemble the flows experienced within the
cuvette when active ellipsoidal swimmers are undergoing chemically driven
propulsion. As such, Equation 4-4 has been fitted with the experimental parameters
depicted in Figure 4-18 and experimentally measured variables to produce an
estimated flow profile for the self-induced convective flow. X- shearing in this system
has not been described but given that the flow velocity at the experimental height is

very low and the width of the chamber is much larger than the height, it is assumed
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that horizontal shearing would be negligible similar to the case for passive ellipsoids

in section 4.3.1.1.

L \% io _______ Height: H,z

A

v

Width

Figure 4-18: Diagram depicting the measurements used to fit the flow profile to

experimental parameters.

The flow was confirmed to be laminar and have a Reynolds number of 0.0267

calculated using Equation 1-1: R, = pﬂiL with the

experimentally measured parameters.
The measured average tracer velocity was substituted into the equation at the
estimated height from the cuvette boundary that we conducted our observations (2.5

pm). This was then used to calculate u» for these experiments and produce an

extrapolated graph of actual velocity vs. height.
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Shear profile over the whole sample chamber

It can be seen in Figure 4-19 that the calculations predict a significant z-shear

component in the near boundary region which decreases towards the cuvette centre.
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Figure 4-19: Approximate z-shear profile for the self-convective flow in a cuvette of

defined geometry.

The negative gradient of flow velocity for the lower half of the cuvette depicts it's
direction with respect to the flow field above. For simplicity, the profile of the region

of interest will be depicted as having a positive gradient.
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Shear profile in the region of interest (within 10 um of the lower boundary)

As these experiments were conducted near the bottom surface of the cuvette, within
a few microns of the surface, a graph was produced in this region of interest to get a
closer look at the shear rate. Figure 4-20 shows the increase in flow velocity from
zero at the lower boundary in the z direction. It can be seen that this is a very steep
linear increase in velocity over just 10 microns. This dramatic z-shearing could be

responsible for the alignment effect seen in ellipsoidal swimmers.
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Figure 4-20: Approximate z-shear profile for the self-convective flow in the

experimental region of interest (height<10um.)
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4.3.2.2 Experimental Analysis of Self-Convective flow

Tracking of the tracer colloids allowed us to quantify the average direction, ©FLow,
and magnitude of the generated flow in each video. For each tracer that remained in
the field of view for a given video, a velocity vector v, was defined with x component
= (x(tracer)2-x(tracer)1)/t and y component = (y(tracer)z-y(tracer)i)/t, where the
subscripts 1 and 2 represent the initial and final coordinate of the tracer, and t is the

duration of the video.

These vectors were averaged to arrive at the mean flow vector, vs for each video
recorded. This procedure assumed the direction and magnitude of the flow velocity
remained constant during the video, which appeared reasonable given the
approximately constant overall translation rate and direction of each tracer, seen

from the tracer trajectories (See Figure 4-21).

Equation 4-5: Direction = Tan~1 2=
(x2—x1)
Equation 4-6: Magnitude = \/(xz-xl);:n (eyz—y1)2
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Figure 4-21 shows the trajectories of a set of tracers in the convective flow, and their
corresponding velocities can be seen in Figure 4-22. The average tracer velocity was
calculated to be 0.897 ums™* with a standard deviation of +0.239 ums, a similar
spread of velocities was observed for the same tracers in an externally imposed

stable flow in section 4.3.1.2
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Figure 4-21: Trajectories of tracer particles in a self-generated convective flow.

Tracers have been numbered from left to right.
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These variations in the bulk fluid velocity are not indicative of the presence of any
consistent x-plane shearing as they appear random with regards to their x-y position

within the video They are likely due to slight differences in tracer height relative to

the cuvette boundary.

Velocity (ums™)

Tracer number

Figure 4-22: Tracer velocities from Figure 4-21.

Investigation, both experimentally and theoretically has been presented earlier in this
chapter (Section 4.3.2.1) which confirms the assertions that x- shearing is negligible,
but there is a dramatic z-shear profile in both sample chambers which could explain

the alignment effect in catalytic ellipsoidal Janus swimmers subjected to low-speed

flows.
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4.3.2.3 Analysis of ellipsoid motion in a convective flow field

The average flow direction and velocity were used to subtract the advective drift to

allow further analysis. (Figure 4-23).

Advective drift was subtracted from the raw X,y ellipsoid coordinates based on this
flow vector, by subtracting the expected flow displacements contribution to each

successive observed displacement of the ellipsoids.

flow velocity (Cos6 fiow)

Equation 4-7: x displacement = Frame rate

flow velocity (Sinf fiou)

Equation 4-8: y displacement =

frame rate

Specifically, the following correction was made to each successive ellipsoid

displacement (fps denotes the frames per second associated with the video):

Equation 4-9 : Axpqy: = x(ellipsoid, raw)H(L) — x(ellipsoid, raw),
fps

Equation 4-10: AXcorrectedt = DXrqwe — X displacement

Equation 4-11 ‘Ayrawe = y(ellipsoid, raw)H(L) — y(ellipsoid, raw);
fps

Equation 4-12: AYcorrectedt = DAYVrawe — Y displacement

The flow adjusted trajectory was then re-constructed by summing the corrected
displacements. An example of the outcome of this procedure is displayed in Figure

4-23.
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Figure 4-23: A representative trajectory showing the raw data in black, with the data
after advective drift subtraction highlighted in blue. The flow direction and speed are

shown by the (to scale) red arrow.

After advective drift subtraction, swimmer trajectories were smoothed using the
Savitzky-Golay algorithm at 30 pts to reduce noise in the direction angle data caused

by Brownian motion.
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This process was performed on all active ellipsoid trajectories before orientation or
direction analysis. Examples of smoothed, advection subtracted trajectories with

their respective flow fields can be seen in Figure 4-24.
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Figure 4-24: Corrected trajectories with the average flow field depicted by red

arrows (angle and arrow length to scale with direction and velocity)
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4.3.2.4 Flow Alignment

In order to measure the correlation between the direction of motion and the flow,
Ouirection Was calculated for each frame of the video recordings. These values were
subtracted from ©1ow = 90° to give the angle relative to the predicted perpendicular

flow alignment for each frame.

Equation 4-13: Bairection = Tan™ (%)

The frequency of these angles was calculated in 10° increments between 90° and -

90° and a distribution as a time fraction was generated.

Perfect major axis flow alignment, defined in Equation 4-14, for active ellipsoidal
micro-swimmers was expected to result in correspondingly perfect cross-flow

migration (Equation 4-15).
Equation 4-14: Oorientation = Oriow

Equation 4-15: Opirection = Oriow £ 90°

To statistically assess the alignment seen; the differences between ©p and perfect
alignment for each video frame were calculated and sorted into 10° bins between
+90° using a frequency function. Where 0° is cross stream migration and =90°

suggests colloids are moving with/against the flow.

Data for all low spin (<0.15 rads™) colloids was combined and each bin was divided

by the total number of frames to give a distribution of ©p as a time fraction.
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This data is displayed as a binned wind rose diagram (Figure 4-25a) which shows a
strong preference for active colloids to adopt a direction of motion that is within 10°
of ©rLow £90°, each angle bracket after this becomes less populated indicating that
further positions from alignment are less favoured. This suggests a preference for
cross flow migration as is seen in spheres by Katuri et al.>’. Colloids with ©p within

30° of BrLow £90° account for =75% of all frames collected.

It is not surprising, given the size of the active colloid, that Brownian fluctuations and
unavoidable driven rotations disrupt ballistic paths leading to occasional loss of
alignment. This is illustrated by the small populations of “misaligned” ©p angles seen
in the data. This effect is also seen in the passive ellipsoids in a faster flow where
fluctuations cause the ellipsoid to leave the path of the flow and spin in the horizontal

plane before realigning.

The above analysis was repeated for the active ellipsoid’s orientation data which
showed a much weaker degree of alignment than the direction of motion, shown in
Figure 4-25b. The binned wind rose diagram shows no clear preference for the major
axis to align parallel with the flow, with the population of angles between +0-30° fairly
evenly spaced. This suggests that alignment of the direction of motion can occur with
quite a broad range of orientation angles, this is similar to the case of passive

ellipsoids.

The average difference between ©rLow and OorientaTion Was calculated to be
38.21°+20.67. The data is consistent with that of the passive ellipsoids, but the

alignment seen is somewhat weaker.
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This decreased alignment could be due to the slower flow field in the self convective
case, as Uspal et al. reported similar findings where their spherical janus swimmers
showed higher degrees of alignment in faster externally imposed flows. Asymmetries
in the shape of the ellipsoids could also play a part in the offset from perfect

alignment for both active and inactive populations of ellipsoids.
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Figure 4-25: Binned wind rose diagrams showing alignment with or perpendicular to

the direction of flow: a) distribution of direction angles from perpendicular alignment

b) distribution of orientation angles from parallel alignment.
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4.3.3 A comparison of Active and Passive ellipsoids in a flow

Figure 4-26 shows data for both active and passive ellipsoids where positive and
negative angles of the same magnitude were combined e.g. -90° is binned with +90°.
The data for direction of motion shows a smooth distribution with significant peaks at

0-15° showing a good degree of alignment for each case.
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Figure 4-26: A comparison of data from passive and active ellipsoids; a) Distribution
of direction angles. b) Distribution of orientation angles. Flow directions are defined
as seen in the schematics in Figure 4-14 and Figure 4-25 for passive and active

swimmers respectively.

A stronger degree of alignment is seen for the passive ellipsoids introduced into an
externally driven flow. The reasons for this are likely due to the much larger fluid
velocity seen in these experiments, combined with a more dramatic z-shear profile

due to the significantly reduced height of the sample chamber, approximately 10x
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that of the convective flow. Additionally, active ellipsoids have the competing effects
of their chemical propulsion and small amounts of angular velocity, whilst passive
ellipsoids are only exposed to convection driven propulsion. The orientation data for
both sets of ellipsoids (Figure 4-26b) shows that the major axis does not align
exactly with the flow direction as would be expected. passive and active ellipsoids

show a ‘misalignment’ of =25° and =38° respectively.
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Figure 4-27: A comparison of data from passive and active ellipsoids; a) Distribution

of direction angles. b) Distribution of orientation angles.

When the difference between these two sets of data are considered, it can be seen
that when activity is introduced to the system, the greatest reduction in direction
alignment effect occurs in the 0-15° bin (Figure 4-27a), further bins show higher
populations of misaligned angles for active vs. passive swimmers. The populations
of misaligned angles decrease steadily towards 75-90° where both sets of swimmers
have negligible time spent parallel with the flow. This is consistent with the assertion
that the higher flow velocity generates a stronger degree of alignment.
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When orientation is considered, there is significantly less correlation between
alignment and whether or not activity is present in the system (Figure 4-27b). Both
active and inactive ellipsoids show similar degrees of alignment at 0-15° and 30-45°.
The largest difference in alignment is seen at 15-30° where inactive ellipsoids show
the greatest preference to orient. This reinforces the conclusion that directional

alignment is not dependant on perfect orientational alignment.

4.3.4 High Spin Ellipsoids

The colloids discussed in this chapter so far were selected for their low angular
velocity component (w<0.15 rads™), however MSD analysis of the total population of

Janus ellipsoids revealed the angular velocity ranged from 8.8x107-0.295 rads™.
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Figure 4-28: MSD plot with angular velocity fitting (originPro) for a low angular

velocity ellipsoidal swimmer.
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This is illustrated in Figure 4-28, a ‘low-spin’ example where angular velocity was
calculated to be 1.16x107 rads? shows a smooth quadratic curve with a steady
increase in distance from the origin. This is indicative of a ballistic swimmer that is

not undergoing any driven rotations.

A high spin example (w=0.295 rads™) is shown in Figure 4-29. This MSD plot shows
a much smaller peak and then a trough where the colloid is undergoing a rotation
and thus motion is directed back towards the origin with a negative gradient for
<AL?> Vs. time. To assess the prevalence of this self-induced alignment effect for a
statistically significant number of ellipsoids with a range of angular velocities, colloids
were produced with more controlled increases in spin, using a glancing angle

deposition. This is explained fully in chapter 5.
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Figure 4-29: MSD plot with angular velocity fitting (originPro) for a high angular

velocity ellipsoidal swimmer.
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Data for high spin swimmers indicates that perpendicular alignment was not
achieved; see Figure 4-30, where the distribution of angles relative to the flow is very
evenly spread when compared to low angular velocity swimmers. Spinning

swimmers account for 27.27% of the total population.
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Figure 4-30: A bar chart comparing the distribution of direction angles relative to the
flow. Low angular velocity ellipsoids (w<0.15 rads™) are represented in black whilst

high spin ellipsoids are represented in red (w>0.15 rads™)
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The reduction in alignment effect for high spin vs. low spin swimmers is illustrated in
Figure 4-31 (red). When compared to the reduction of alignment in active vs. passive
swimmers (blue), a similar pattern of significant decrease in time spent well aligned
(0-15°) is seen. Unlike low spin swimmers, the time spent in misaligned angle bins
steadily increases towards being parallel with the flow. This increase is of the same

magnitude, but the inverse of the pattern seen for active vs. passive ellipsoids.
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Figure 4-31:A bar chart comparing the reduction in alignment relative to the flow.
A[(Flow + Activity) —(Flow)] is represented in blue whilst A[(High spin)-(Low spin)] is

represented in red.

This data reinforces the assertion that flow alignment of ellipsoidal swimmers is
strongly dependant on the angular velocity of the swimmer. Even small increases in
driven rotations work in competition with the alignment effect and above a certain
threshold the angular velocity dominates, resulting in full loss of alignment. It is
possible that higher flow velocities may combat loss of alignment for high spin
swimmers, and this should be considered for future work.
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4.4 Discussion
4.4.1 Flow field

This chapter investigated the rich dynamics of ellipsoidal catalytic micro swimmers in
a self-generated flow field, and also reported the behaviour of passive ellipsoids in

an external flow.

The convective flow which was produced as a by-product of the catalytic reaction
mimics the flow generation achieved by Gregory et al. and modelled by Shemi et al.
The decomposition of H202 by platinum into less dense products which rise in the
container produces a density driven convective flow’’. It is not entirely clear why
ellipsoidal micro swimmers produce a convective flow at lower volume fractions than
their spherical counterparts. An increase in catalytic surface area vs the sphere
could lead to a higher production of less dense products, promoting a density driven
convective flow. When the ellipsoids studied here were compared to a sphere of
analogous volume using Equation 4 16 and Equation 4 17, the catalytic surface
areas were approximated to be 23.85um2 and 19.46 um2 respectively; this is an

increase of 18.4%.

Equation 4-16: Catalytic surface area for a sphere = 2mr?

1
(ab)1®+(ac)l+(bc) 16)?6

3

Equation 4-17:  Catalytic surface area for ellipsoids = 27r(
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Figure 4-32: Schematic showing assigned lengths for surface area calculation.

Control experiments with passive ellipsoids were conducted using a pressure driven
flow at around 10ums. Ideally experiments would have been performed at the same
velocity as the convective flow, but such low speeds proved to be unattainable with

the pressure pump set up.

Both types of flow showed velocity profiles which had significant z shear whilst
having negligible x-y shearing in the regions where experiments took place. It is
possible that this would allow for the alignment of an axisymmetric object as was
observed in both passive ellipsoid control experiments and to a slightly lesser

degree, the active ellipsoids in the self-generated flow field.82.
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4.4.1.1 Direction of motion

It is clear from the results in sections 4.3.1 and 4.3.2 that when exposed to a fluid
flow, passive ellipsoids will translate parallel to the flow whilst (low spin) active

ellipsoids translate across the flow.

This is consistent with results from similar experiments where Katuri et al. exposed
spherical Pt-PS Janus particles to an external flow and found that cross stream
migration occurred when activity was turned on®’. The paper (2018) introduces the
concept of using a flow field to produce different dynamic responses to those usually
observed in rheotactic systems. Their artificial spherical platinum/polystyrene Janus
swimmers were able to align in a controlled channel flow so that their propulsive axis
is parallel with the flow®’. Motion is then directed almost perpendicular to this (Figure

4-33).
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o.— Flow
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Figure 4-33: Figures from Katuri et al. Trajectories and Optical microscopy images of

Janus spheres exposed to a flow with velocity 14pms-1. 57
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In the absence of an externally imposed flow they found that bottom heavy active
Janus spheres accumulate on the lower boundary of the sample vessel and align
with their Pt cap downwards, so their propulsion axis is parallel to the lower
boundary. This restricts the spheres to a single plane of motion, and they translate
along the lower surface with no preferred direction. As ellipsoidal colloids produced
appreciable flow at very low volume fractions and fuel concentrations, these
experiments could not be performed. However, the behaviours of the spherical and

ellipsoidal swimmers in the flow were very similar.

When flow was introduced, they found that the orientation of the colloids on the
bottom surface evolved such that the propulsion axis was almost perpendicular to
the direction of the flow. The particles began to translate in response to the
externally imposed flow whilst their self-propulsion velocity continued away from the
Pt cap. These combined effects resulted in cross stream migration of the spherical

colloids.

The stronger alignment seen in passive ellipsoids where the fluid velocity was higher
is also consistent with the findings in this publication, where an increase in flow
velocity from 14 pms to 24 ums* significantly improved the alignment effect (Figure
4-34). It was also found that higher propulsion velocities damp orientation

fluctuations.
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Figure 4-34: Figure from Katuri et al. Angular probability distributions at different

flow velocities®’.

The group reported that the alignment was a result of shear forces and swimming in
confinement, and it is likely that this is the case also with ellipsoidal swimmers. Near
surface swimming introduces an effective friction opposing the rotation of the particle
away from the preferred position, shown in Figure 4-35. Due to this alignment the

particles migrate across the streamlines of the flow as they are carried downstream.

Flow, no gravity or activity Gravity and activity, no flow Planar alignment steady state

Figure 4-35: Schematic by Katuri et al. showing how a flow with shearing in the z-

direction leads to alignment of spherical Janus Swimmers®’.
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These experiments introduced the concept of cross stream migration in synthetic
active colloids however the flow velocity required for alignment is extremely high
(14ums™?). This is likely due to the symmetrical shape of the colloid which has no
inherent preference to align. This phenomenon currently also relies upon external
influence, with the use of expensive and complicated flow equipment both of which
reduce the potential applications of these swimmers. The ellipsoidal swimmers
reported here produce a flow significant enough to cause some alignment, during
standard testing conditions (10% wt H202 fuel in a confined sample holder) which
greatly reduces the time required, cost and chemical reagents needed to achieve

similar results.

4.4.1.2 Orientation

Data for the orientation for both populations of ellipsoids show that the major axis
does not align exactly with the flow, however there is an offset alignment at =30°from
the flow direction. This data was obtained directly from LabVIEW via a custom

algorithm and given as an angle per frame.

It is not entirely clear where this offset in the orientation alignment comes from, as it
does not translate to the direction of travel which is well aligned in both active and
passive populations of ellipsoids. It is possible that this offset is caused by
irregularities in the geometry and surface of the colloids which it can be seen in
Figure 4-36 are neither perfectly smooth nor symmetrical. This is a drawback of the
synthesis methods for stretching the colloids and would be considered for any future

experiments.
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Figure 4-36: Close up SEM image of an ellipsoidal colloid prior to catalyst coating.

45 Conclusions

When platinum coated Janus ellipsoids are exposed to hydrogen peroxide fuel
(10%wt) the Janus swimmers accumulate on the lower boundary of the cuvette
where there is a relatively stable crossflow field, which is generated by density
differences between the products and reactants of the catalytic rection taking place.
There is an observed preference to align so that their major axis is close to parallel
with the flow direction and motion is directed perpendicular to this due to the

placement of the catalyst coating.

Unusually this alignment effect is not seen in ellipsoids with a high angular velocity
(spinning). Further experiments will be necessary to determine if the reason for this
is an increased disturbance of the local fluid field, ie. stirring, or if these colloids are

unaffected by the flow field.
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In contrast to previous studies, the flow here is generated by the catalytic colloids,
rather than externally imposed. As the flow direction is determined by the symmetry
of the cuvette, the micron scale directed transport is dictated by the macroscopic

confinement geometry.

The production of flow within the cuvette has many benefits over the use of an
external flow, most significantly that the equipment needed for micro-fluidic pumping
of this nature are both extremely costly and laborious to use. The closed system also
reduces the amount of chemicals and micro-swimmers needed as they are not lost

throughout the experiment.

Use of flow fields to direct the motion of active colloids provides a pathway towards
enhanced cargo delivery®’, for which ellipsoids are especially beneficial due to their
increased surface area which would allow for more ‘cargo’ to be collected. Such

cargo collection and delivery behaviour could be used in in vitro testing devices.

There are further applications such as ‘lab on chip’ devices where a self-imposed
flow field would allow for a closed system, isolated device for use outside of

laboratory settings such as in the field testing of contaminants etc.
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Chapter 5;:

Ellipsoidal Janus swimmers
with enhanced rotational

motion



5 Ellipsoidal Janus swimmers with enhanced rotational motion

5.1 Introduction

Use of well-defined spinning and spiralling colloids has become a recent subject of
interest in the biological field. Wu et al. used optically driven, rotating colloids to
influence the direction of growth of neurons in vitro. The spinning colloids generate a
microfluidic flow which cause shear forces on the surface of the growing axon
cone®, Zhang et al. used superparamagnetic nanoparticles rotated by a dynamic
magnetic field generator to induce cell death®. Introducing rotation has also been
shown to increase the probability of binding of fluorescent nanoparticle targets to

biochemically coated magnetic ‘capture’ particles®.

However, each of these novel applications relies on external fields to generate
rotations and with costly and complicated set up, this limits the potential applications.
This limit has inspired research into colloids which, using a chemical fuel, can

generate their own autonomous spinning motion.

Enhanced rotational velocity leading to spiralling behaviour has been achieved by
spherical Janus swimmers?! by introducing asymmetry into the catalytic coating. Line
of sight electron beam evaporation was used to deposit a platinum catalyst onto the
spheres at a glancing angle to induce shadowing. As the spheres are symmetrical,
when spaced out on the substrate, no shadowing occurs. To combat this, the
spheres were closely packed in a crystal so that they shadowed one another (Figure

5-1), leading to different shapes of catalyst coated area at different glancing angles.

138



Spread out spheres Closely packed spheres

(no shadowing) (shadowing)

ki AT
Figure 5-1. Schematic from Archer et al. showing how a closely packed crystal of

spheres induces shadowing when coated at an angle, 6%*.

The ellipsoids studied in this chapter have a long body axis which induces
shadowing and therefore catalytic patch asymmetries without the need for a closely

packed crystal (Figure 5-2)

AN

Figure 5-2: Schematic showing how ellipsoidal colloids induce shadowing at a

glancing angle, 6, without the need for a closely packed crystal.

Following on from chapters 3 and 4, this chapter aims to influence the degree of
angular velocity produced by ellipsoidal swimmers. Using a simple glancing angle
deposition technique to reduce the symmetricity of the catalyst coating we
significantly enhance the rotational speeds. This opens up many applications such
as micro-stirring and enhanced target capture which will both benefit greatly from the
increased surface area of the ellipsoid vs. a sphere. In the case of micro-stirring, the
long body axis of the ellipsoid should lead to much greater fluid perturbations vs a

rotationally symmetrical sphere of the same volume.
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5.2 Methods

Ellipsoidal colloids were prepared and cleaned as described in chapter 3. The
cleaned colloids were then deposited onto pre-cleaned glass slides by pipetting the
suspension into hydrogel wells to concentrate the colloids in certain locations of the
slide. The slides were placed in custom built angle changing sample holder (Figure

5-3) which was set to 6=60°, as illustrated in Figure 5-4.

'l ! gi%

IR e Oty I

Figure 5-3: Custom built angle changing slide holder (by Richard Archer former CBE
student, University of Sheffield), the right side is turned to 6=60° to achieve a

glancing angle deposition.
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The ellipsoidal colloids were then coated with 20 nm of platinum (Kurt J Lesker
99.99% purity) while localised on the slide. Platinum was deposited via electron

beam evaporation (Moorfield minilab) at =1x10-" atm.

\ |/
W

Figure 5-4:Diagram showing the experimental setup used for deposition a) standard

perpendicular coating b) sample rotated by 60°.

The coated colloids were removed from the slides using slightly wetted lens tissues
and submerged in 10% wt. H202 fuel containing 0.017% v/v of fluorescent
polystyrene tracer colloids (Sigma-Aldrich 1um diameter). Swimmers which had
sedimented to the lower surface of the cuvette were recorded at 86 fps for 23
seconds each and analysed using custom LABview software to calculate MSD data,

translational velocities and angular velocities as described in chapter 2.
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5.3 Results
5.3.1 Theoretical Prediction of the Catalyst shapes

As previously discussed, controlled asymmetries in the coating of spherical Janus
swimmers have been shown to increase rotational speeds under very specific
coating conditions using a closely packed colloidal crystal that is laborious to
produce. When the spherical Janus swimmer has a rotationally symmetrical catalytic
hemisphere, forces across the colloid surface result in purely translational thrust
propulsion away from the catalytic hemisphere®:. When the symmetry of the catalyst
is broken, the introduction of an angular component to the thrust occurs, with smaller
catalytic patches leading to enhanced rotational speeds?!. The use of ellipsoidal
colloids with rotational asymmetry allows for shadowing to be introduced during the
coating procedure without the need for a colloidal crystal. Spinning ellipsoids would
be especially advantageous as micro-stirrers due to their enhanced surface area and

interactions with surrounding fluid when compared to spheres of the same volume.

Data suggesting that this is also the case for ellipsoidal swimmers was presented in
chapter 3 where a broad range of angular velocities from, 8.88x107 to 0.295 rads™,

were present in a single sample coated in the same way. This was attributed to

Platinum source

| 1]

Figure 5-5: Schematic showing the coating conditions which would lead to a

symmetrical hemispheroidal coating.
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unintentional asymmetries in the coating perimeter, possibly caused by defects in the
shape of the ellipsoidal colloids (Figure 4-36) .The very low angular velocities
observed were likely due almost perfectly symmetrical hemispheroidal catalyst with

balanced forces across the entire ellipsoid (Figure 5-5).

A glancing angle deposition at 6=60° was employed to induce further shadowing
effects and more dramatic catalyst geometries with the aim of increasing the

rotational speeds of ellipsoidal swimmers.

To understand how the catalyst shape may induce rotations, we must first look at the
shape produced by the glancing angle. Due to the electron beam evaporation
coating method used, the level of fluorescence bleaching from electron
bombardment rendered fluorescence microscopy unusable, so it is difficult to directly
optically visualise the shape of the catalyst patch during motion. Instead, predictions
of the expected ellipsoid coating thicknesses were made for given glancing angles
(theta), and long axis orientations (alpha), using a ray-tracing analysis. In reality, as
we did not control alignment of the ellipsoidal colloids on the substrate, as seen in
chapter 3 Figure 3-2, we expect to sample a random distribution of alpha during our

experiments.

Figure 5-6 illustrates how, when ellipsoids are orientated parallel to the slide and
metal, shadowing occurs over the length of the ellipsoid (long axis orientation angle,

a=0°) leading to greater platinum thickness at the tip closest to the metal source

which reduces to zero coverage at the tip farthest from the metal source.

However, if the ellipsoid had a perfect perpendicular orientation (a=90°), the glancing

angle coating simply rotates about the major axis and the result is a standard
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symmetrical Janus ellipsoid. This particular scenario, whilst unlikely, would not lead
to any enhanced rotation, beyond that associated with unavoidable irregularities as

reported in chapter 3.

Perfect alignment, either perpendicular or parallel, of the ellipsoids to the metal
source are unlikely in this scenario where we have no control over the orientation

before deposition.

Platinum
thickness (nm)

Platinum

alignment angle)

Figure 5-6: Schematic showing how a glancing angle deposition leads to shadowing
over the long body and a build of catalytic material and the tip closest to the metal

source.
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5.3.2 Experimental Results

Ellipsoidal colloids coated at a 60° glancing angle were found to translate at an
average velocity of 7.49 ums™ £3.68, an increase on the 4.35 pms™ +1.05 measured

for colloids coated perpendicular to the source.

When the angular velocity is plotted against translational velocity, it can be seen in
Figure 5-7 that as the angular velocity increases the translational velocity decreases.
Some glancing angle coated ellipsoids have a high translational velocity and low
angular velocity. These anomalous values are likely caused by lack of control over q,
when a= 90°, or the ellipsoid is oriented perpendicular to the platinum source, little to
no shadowing is experienced. This leads to symmetrically shaped catalyst coating

areas which produce low spin, fast ballistic motion.
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v Standard deposition
3.0 A P 4

2.5 4 . A 7

1.5+ -

1.0 1 -

Angular velocity, w (rads™)

0.0 vyJevy v i

0 2 4 6 8 10 12 14
Translational velocity, v (ums™)

Figure 5-7: A scatter plot of translational velocity (v) vs. angular velocity (w) for a

population of high spin swimmers (red) and swimmers coated with standard

deposition conditions (black).
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This is in agreement with their spherical counterparts. The increase in translational
velocity is most likely due to batch-to-batch variations in activity which are difficult to

control even with the quartz crystal monitor to gauge the coating thickness.

Qualitatively it can be seen that ellipsoids coated in this way still travel in a direction
approximately perpendicular to their major axis like their ballistic counterparts (Figure

5-8).
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Figure 5-8: Part of a trajectory for a spinning ellipsoid overlaid with a time-lapse

image of the video recording.
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The trajectories produced by glancing angle deposition show smooth and persistent
circling behaviour and only small translational distances are achieved as shown in

Figure 5-9.
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Figure 5-9: Representative trajectories of Ellipsoidal swimmers with enhanced

rotational motion.

For spherical swimmers, the size of the circle in the trajectory is dependant on the
size of the catalytic patch size, with smaller areas of catalyst producing tighter

circling behaviour??.

The shapes of the catalytic area are not available during testing, however like
spheres, the size of the circle seen for ellipsoidal swimmers in Figure 5-9 likely

corresponds with catalytic coating area. The tightest circle would theoretically be
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produced by coating when the ellipsoids major axis is parallel with the platinum
source (a=0°) and maximum shadowing occurs leading to a smaller catalytic area

with a build up of platinum on one end of the ellipsoid.

MSD plots for these trajectories (Figure 5-10 to Figure 5-12 ) show several peaks
and troughs where the distance travelled returns to zero as the colloid rotates. This

is consistent with a swimmer propelling with high angular velocity.
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Figure 5-10: MSD data and angular velocity fitting for trajectory shown in red in

Figure 5-9 w=0.884 rads.
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Quantitative analysis of the angular velocities of each swimmer revealed an average
angular velocity of 1.88 + 0.94 ums™. An increase of 16x the naturally occurring
average velocity of 0.11 + 0.088 ums™. As expected, due to lack of control over the
ellipsoid orientation before coating, there is still a range of angular velocities from
0.72 ums™ to 3.00 ums™. The lower limit of this range is still double that of the fastest

spinning ellipsoid coated at standard sample positioning.
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Figure 5-11: MSD data and angular velocity fitting for the trajectory shown in Figure

5-9 in black w=1.25 rads.
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Figure 5-12: MSD data and angular velocity fitting for the trajectory shown in Figure
5-9 in blue w=2.43 rads*.

Angular velocities of the two samples are shown in a scatter plot in Figure 5-13. As

with the trajectories seen in Figure 5-9, the highest angular velocities seen here

likely correspond to smaller catalytic patch sizes.
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Figure 5-13: Scatter plot of raw angular velocities for a population of ellipsoidal

swimmers coated under standard conditions (black) vs. a glancing angle deposition

(red). Error bars are included but are too small to see in most cases.

Statistical assessment of the data was performed by sorting each set of data into 0.5

rads™ bins which was presented as a normalised bar chart. Figure 5-14 shows that

all of the ellipsoidal swimmers coated perpendicular to the source fall into the lowest

angular velocity bin whilst none of the swimmers coated at a glancing angle do. This

analysis highlights that, whilst there is a significant increase in angular velocity

between the two populations, there is still a very broad range of rotational speeds.
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Glancing angle ellipsoids populate 5 separate angular velocity bins. The ability to
control the orientation of the ellipsoid would dramatically improve the results of such
experiments and enable further control of the angular velocity to achieve the higher
angular velocities seen in this chapter consistently across all swimmers coated at the
same time. This will be further explored in chapter 7 which will cover suggested

future work for this theme.
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Figure 5-14: A bar chart showing the normalised frequency of ellipsoids in 0.5 rads-!
bins. Standard deposition is shown in black whilst Glancing angle deposition is

shown in red.
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5.4 Discussion

In order to understand why changes to the shape of the catalyst coating of
evaporated Janus swimmers would lead to increased rotational motion, it is

important to consider the mechanism by which motion is achieved in the first place.

The exact mechanism of ellipsoidal Janus swimmers has not been definitively
proven to date. It was found that the process of stretching, washing, and coating of
the colloids in a strong electron beam caused significant fluorescence bleaching of
the colloids rendering fluorescence tracking of the direction of motion from the
catalyst impossible. Experimental findings, such as a lack of bubble nucleation on
the surface of the swimmers and an extreme sensitivity to contaminants such as salt
strongly suggest that the mechanism is the self-electrophoretic in nature, consistent

with their spherical counterparts.

The self-electrophoretic mechanism of motion in insulator/platinum swimmers has
been previously proven to depend on a gradient in the thickness of the platinum
coating which is thickest at the pole of a spherical swimmer and reduces to zero at
the equator. This gradient in platinum thickness generates a gradient in the reaction
rate across the particle causing an ion flux which drives motion. In the case of a
perfect hemisphere or hemispheroid in this case, the propulsion would be rotationally
symmetrical, theoretically producing no rotational component and purely translational

motion?2. This type of motion was presented in chapter 3.

When the symmetry of the catalytic patch is broken, as is the symmetry of the ion
flux and resulting torque on the swimmer. This removes the rotational symmetry of

the propulsion and as the symmetry is further reduced the rotational component of
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the motion increases. Predictions of the catalytic patch at a 60° glancing angle
deposition in Figure 5-15 show the extent of this ‘symmetry breaking’ in ellipsoidal
swimmers. Assuming areas with thicker platinum coatings produce a higher reaction
rate and increased torque, it becomes easy to see why a glancing angle deposition

would lead to the high angular velocities recorded in this chapter.

When compared to the spiralling spheres produced by Archer et al., the angular
velocity achieved at similar glancing angles is comparable, with spheres achieving
slightly higher for both velocities. Spheres coated at 50° and 70° glancing angles
produced angular velocities of =4 rads™ and translational velocities =12 yms™. The

trajectories, however, are quite different.

Platinum thickness (nm)

20 [ ]
" Direction
of motion
Increased torque on one end due to thicker
0 platinum coverage.

Figure 5-15: Schematic showing a high spin swimmer in the top-down configuration
on a substrate (grey), showing how the differences in Pt thickness leads to rotational

motion, whilst swimming close to the cuvette boundary.
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Figure 5-16: Figure from Archer et al. Trajectories of spherical Janus swimmers

coated at 50° and 70° glancing angles?'.

Figure 5-16 shows the trajectories of fast spinning spheres. Whilst there are many
rotations, the trajectories appear somewhat random and disorganised, likely due to
Brownian diffusion. This is in contrast to the ellipsoids presented in this work which
produce very smooth circles, often around a fixed origin. Where the origin of the
circle is not fixed, it gradually shifts in one direction, maintaining the spiralling
behaviour. This is due to the convective flow effects produced by ellipsoidal

swimmers.

The long axis of the ellipsoid is much larger than the diameter of the spheres tested
and acts to reduce Brownian noise. It is also unclear if these experiments took place
in the bulk fluid or if the spheres were near to a surface that they were not well

coupled with.

The publication regarding spheres was able to test a broad range of glancing angles
for deposition and recorded that at the shallowest glancing angles (10°-30°), very

high angular velocties of =16-18 rads™ could be achieved?!. Unfortunately this was
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not possible in this work due to time constraints, but simulations of the catalyst
coating shape of ellipsoids for a range of glancing angles angles will be availible in

chapter 7.

Whilst the introduction of controlled rotational motion in catalytic ellipsoids via
glancing angle deposition was successful, it would be more useful for practical
applications requiring a specific rotational speed, if the range of angular velocities
could be reduced and controlled. As discussed in the results section, the use of
ellipsoidal colloids as a substrate for coating platinum onto introduces an orientation
with respect to the slide and metal source that is not present in spherical colloids.
Depending on this orientation, the ellipsoid will experience varying degrees of

shadowing, and the resulting angular velocity will reflect this.

Ideally, for more control over angular velocity, all of the ellipsoidal colloids would be
aligned in a known configuration with respect to the slide. This would allow
orientation relative to the metal source to be controlled, for example to result in the
maximum shadowing shown in Figure 5-15, and investigate intermediate alignments.
This type of alignment could be achieved using magnetic colloids or even a micro-
ridged substrate which the colloids settle into. Similarly, the glancing angle could be
reduced even further through to 10 degrees, which in theory would produce an even
more pronounced ‘nose of platinum’ at one tip with almost no platinum reaching the
rest of the colloid. This would potentially lead to translation in the direction of the long
axis which is of great interest in theoretical literature but has yet to be realised
experimentally. Ray tracing predictions of the catalyst coatings at further glancing

angles has been provided in section 7.3.2.2
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Such shallow glancing angles would dramatically increase the length of the shadow
for each ellipsoid so care would have to be taken that the ellipsoids are well-spaced

on the substrate, or they would shadow one another.

5.5 Conclusions

Further to the natural range of angular velocities in ellipsoidal micro-swimmers, here
we demonstrate the ability to produce significantly enhanced rotational velocity by
controlling the catalyst cap geometry. This was achieved by employing a glancing
angle deposition which coupled with the anisotropy of the ellipsoidal colloids
produces a shadowing effect during the coating. These asymmetrical catalyst
distributions lead to asymmetrical forces on the colloid which induces rotating

behaviour.

This enhanced rotation can be achieved in spherical colloids, but is a lengthy
process relying on the use of colloidal crystals to induce the shadowing effect which
occurs naturally with ellipsoidal colloids. The angular velocities of both spheres and
ellipsoids are comparable at similar glancing angles, =4 rads™' and 1.88 rads™
respectively, but the trajectories produced by ellipsoids are much more organised

and smoother (Figure 5-9).

The use of ellipsoids also improves the potential for applications as their increased
surface area as compared to spheres allows for increased interactions with their
environments or stimuli. In the case of these rotating ellipsoids, the increased
interaction with the fluid has potential for more effective mixing devices on the micro-

scale.
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6 Dumpling and Bowl-shaped swimmers

6.1 Introduction

Chapter 1 addressed the general lack of experimental data on Janus swimmers of
differing geometries to the popular rods and spheres. Whilst chapter 3-5 investigated
the rich dynamics of well-defined ellipsoidal Janus swimmers, this chapter will focus
on a range of less well-defined geometries. ‘Bowl’ and ‘Dumpling’ shaped silica

colloids are tested as a ‘one-pot’ approach to achieving a range of angular velocities.

As described in detail in chapter 5, the breaking of symmetry of the catalytic patch of
a Janus swimmer can lead to an imbalance of torque across the swimmer and the
introduction of an angular component to the velocity. This is usually achieved by
coating the swimmers at a glancing angle, which requires a specific custom-built
sample holder and the use of an electron beam evaporator for directionality. This

method is costly in both time and equipment.

This chapter aims to provide a simple and fast approach to enhanced rotations in
active swimmers using the colloid geometry, and sputter coating to break the
symmetry of the catalytic coating. These colloids were provided by Prof Syuji Fuijii of
Osaka Institute of Technology and included in the study in an effort to foster
collaborations with this university. The specific shapes were chosen as the uneven
colloid surfaces with both convex and concave geometries will give rise to
asymmetrical areas of catalytic coating. This is expected to induce rotational motion

at a higher degree than either spheres or ellipsoids.
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6.2 Methods

Bowl and Dumpling shaped colloids made from polydimethylsiloxane (PDMS) were
provided as part of a collaboration with Osaka Institute of Technology. They were

produced by Prof. Syuji Fuijii.

The colloids were deposited onto cleaned glass slides from a suspension of 50:50
deionised water and ethanol either by spin coating or allowing a droplet of colloids to
air dry on the slide. This was done to investigate if there are any differences in

orientation between these two methods.

The slides were then sputter coated with platinum at =10- mBar for 30 seconds until
a mirror finish was achieved. The swimmers were imaged using SEM and their

orientations on the slides recorded.

Using a damp lens tissue and tweezers, the swimmers were gently wiped off the
slides and suspended in 10% wt H202 and pipetted into a quartz sample cuvette and
observed using an inverted transmission microscope. 30s videos at 33fps were

recorded and the motion analysed by custom LabVIEW software.
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6.3 Results

6.3.1 ‘Dumpling’ shaped PDMS colloids

6.3.1.1 SEM Analysis

SEM analysis of Dumpling shaped colloids revealed a distinct lack of monodispersity

which will hinder comparisons of velocity within the sample.

Due to the disparity in both size and general shape of these colloids (Figure 6-1) it is

difficult to assign specific orientations. As such they were grouped as being either

SElI 10kV WD10mmSS50
Pd/SC2pvp

~~
SEl 10kV WD10mmSS50 x850 20pm  S——
Pd/SC2pvp

Figure 6-1: Scanning electron microscope images of dumpling shaped PDMS

colloids; a) air dried from solution b) spin coated at 2000rpm.
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convex surface facing up, single concave surface facing up, or plural concave
surfaces facing up. A schematic for these assigned orientations is provided in Figure
6-2. The shape/size disparity will affect the validity of the results meaning systematic
testing will not be possible, however it is worthwhile to investigate whether a
correlation exists between shape and angular velocity in order to plan more rigorous

experiments in future.

During SEM analysis it became apparent that there was no difference in the final
orientation of colloids between the spin coated and air-dried samples. However due
to contractions of the evaporating liquid in air dried samples, the colloids dimerised
or were so close as to cause shadowing effects in the catalyst coating as seen in

Figure 6-1 (a).

Direction of platinum coating

| |
© 0 a6

a) b) C)

A

Figure 6-2: Schematic of assigned colloid orientations; a) single concave surface

facing up b) plural concave surfaces facing up c) convex surface facing up.

As such only samples prepared by spin coating were analysed, the results of which

can be seen in Table 6-1.
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Orientation % of population

Convex surface facing up 31
Single concave surface facing up 37
Plural concave surfaces facing up 32

Table 6-1:Relative population densities of each orientation

The weightings of orientations are evenly distributed with each orientation
accounting for =1/3 of the population. Colloids with concave surfaces facing up (one
or multiple), which are expected to have more asymmetrical catalytic areas, account
for 69% of the measured population. The angular velocity analysis is expected to
reflect this with a higher weighting of higher angular velocity swimmers vs. low
angular velocity swimmers. Colloids with convex surfaces facing up more resemble a
sphere during coating and are expected to have symmetrical coatings which result in
negligible angular velocity. Based on the populations seen in Table 6-1, swimmers
with low angular velocity are expected to account for =1/3 of swimmers during

motion testing.

163



6.3.1.2 Motion Testing

The results from LabVIEW motion tracking software indicate that the coated colloids

swim with an average velocity of 2.54+1.24 ums™ in 10%wt. H202 fuel.

Results were compared to control experiments completed in deionised water; in the
absence of H202 fuel swimmers undergo Brownian motion as expected. Trajectories
for control experiments can be seen in red in Figure 6-5, Figure 6-6 and Figure 6-4.
An ensemble average MSD plot for 20 dumpling shaped colloids seen in Figure 6-3
shows almost linear behaviour which is consistent with pure Brownian diffusion, this

confirms that the chemical reaction drives propulsion.

<AL2?>
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Figure 6-3: Ensemble average MSD plot for 20 dumpling shaped colloids in

deionised water.
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Measurements for the diffusion coefficients calculated in water gave an average
value of 0.0376+0.0084 pm?s. The measurements for diffusion coefficient in
deionised water were used to estimate the size range of the swimmers using the
Stokes-Einstein equation (Equation 2-9) for spherical colloids. The average diameter
was measured as 11.90+2.26 pum with a 19% standard deviation. The sizes are
reasonably consistent with the average diameter expected from the SEM (=9um

diameter).
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106
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Figure 6-4: Representative trajectories of dumpling shaped colloids with w < 0.01

radslin 10% wt. H20..
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Qualitatively it can be seen that there are 3 basic types of swimmer behaviour. Some
swimmers exhibit almost purely ballistic behaviour, travelling in straight lines with
minor fluctuations caused by Brownian motion as seen in Figure 6-4, these ballistic

swimmers account for 36% of the tested population.

D

0
S
=2 T T T T T T T T
> | -40 -2 D 20 40
-20 ©=0.260 rads™
—— ©=0.282 rads™
—— ©=0.228 rads™
—— ©=0.186 rads™
—— Control in deionised
A water
O
X (um)

Figure 6-5: Representative trajectories of dumpling shaped colloids with w > 0.1

radst in 10% wt. H20..

Others exhibit highly rotational behaviour, travelling in a circular motion around a
centre point like those displayed in Figure 6-5, these swimmers account for 36% of
the tested population. All other colloids exhibit behaviour that is somewhere in
between these two extremes where curved but relatively translational motion is
observed as in Figure 6-6, -these intermediate swimmers account for 28% of the

tested population.
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Swimmers with largely ballistic trajectories have a much larger displacement from

their origin in the same timescale than swimmers travelling in a more rotational

manner, suggesting that there may be a correlation between angular and

translational velocity which will be investigated in section 6.3.1.3.

60
-20 -4
® =0.0795 rads™
—— ®» =0.0412 rads™? 1
—— » =0.0647 rads™
—— © =0.0427 rads™ -40
Control in Deionised water
X (Hm)

Figure 6-6: Representative trajectories of dumpling shaped colloids with w = 0.01-

0.099 radstin 10% wt. H20:.
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6.3.1.3 Angular velocity Analysis

Angular velocities were quantified using the procedure outlined in chapter 2,
Equation 2-8 was fitted to the experimental MSD data for each colloids using
OriginPro software, an example of which can be seen in Figure 6-7. Raw data for

angular velocity analysis is provided in Figure 6-8.

T T T T T T T T T T T T
0 5 10 15 20 25 30
At

Figure 6-7: MSD curve fitted to Equation 4 to determine angular velocity using

Originpro software.
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The results of the angular velocity analysis were in good agreement with the 3 types
of behaviour previously established. The raw results were binned every 0.05 rads

then normalised to give a distribution seen in Figure 6-9.
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Figure 6-8: Angular velocities for a set of swimmers. Error bars (calculated by
Originpro fitting software) are provided for all data points but are too small to be

seen in most cases.

Figure 6-9 shows a wide distribution of angular velocities with almost all 0.05 rads™
populated by at least one swimmer. The highest populated band is between 0 and
0.05 rads™ which is expected as there were negligible variances between swimmers

with very low angular velocity.
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Figure 6-9: Bar chart showing the distribution of angular velocities of a set of

swimmers at 0.05 rads? intervals.

The angular velocities were then grouped into much larger angular velocity bins of
w<0.01 rads?, w=0.01-0.099 rads! and w<0.1 rads? and their % population

compared to the % population of orientations from the SEM images.

Angular velocities are evenly distributed across the sample (Figure 6-10) with
approximately the same number of swimmers in each assigned band for w. This
makes it difficult to observe a correlation between orientation and increased or
decreased spin. The distributions, whilst not distinct, are in agreement with the
orientation populations discussed in section 6.3.1.1 with very low spin swimmers
(>0.01 rads™?) accounting for =1/3 of the tested population and swimmers with a

rotational component to their motion accounting for =2/3 of the tested population.
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In order to confirm which orientations are the cause of a particular behaviour it
would be necessary to have control of the swimmer orientation before deposition of
the catalyst. As previously mentioned, the sample was not monodisperse or of

consistent shape which may also be causing some of the effects attributed to

orientation.
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Figure 6-10: Bar chart showing angular velocities grouped as high (>0.1rads™),

medium (0.01-0.099rads-1) and low (>0.01rads™)
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When the data for angular velocity and translational velocity was combined (Figure

6-11) it can be seen that the highest translational velocities were achieved by
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Figure 6-11: Scatter plot of translational velocity vs. angular velocity.

swimmers with very low angular velocity, whilst the swimmers with the highest
angular velocities corresponded to a very low translational velocities. A low angular
velocity swimmer with high translational velocity is indicative of a swimmer that has a
catalytic coating area closely resembling a sphere, or in this case it was oriented with
a convex surface facing upwards before coating. High angular velocities with low
translational velocities is indicative of swimmers with non-hemispherical coatings, so

these swimmers were likely oriented with concave surfaces facing up during coating.

The average translational velocities across the 3 assigned groups of angular velocity

are extremely close and show that swimmers with the highest spin have also have
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the highest translational velocity (Figure 6-12). This was unexpected based on a

gualitative analysis of swimmer trajectories.
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Figure 6-12: A bar chart showing the average velocity of a set of swimmers

within defined bands for angular velocity.

173



6.3.2 Bowl shaped PDMS Colloids
6.3.2.1 SEM Analysis

It can be seen from the SEM images in Figure 6-13 that the bowl shaped colloids
have 3 general orientations; cavity facing up, cavity facing down and cavity facing to

the side, a schematic for these orientations has been provided in Figure 6-14.

E Y
SElI 10kV WD10mmSS50 x2,000 10pm
Pd/SC2pvp

SElI 20kV WD11mm SS45 x2,000 10pm

Oct 10, 2017

Figure 6-13: Scanning electron microscope images of bowl shaped PDMS colloids

a) air dried from solution b) spin coated at 2000rpm
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As with the previous sample, drying effects caused colloids to stick together along
with shadowing effects in air dried samples, so only spin coated swimmers were
analysed. Statistical analysis was performed to determine the frequency of each

orientation in a set of 100 colloids (Table 6-2)

It can also be seen from the images that the sample is not monodisperse in size and
some have formed dimers which is likely to have an effect of both translational and
angular velocity and will affect the validity of results derived from these samples.
Results from coupled colloids differ dramatically from those of individual colloids and

so were not included at this stage of the research.

Direction of platinum coating

“a) b) c)

Figure 6-14: Schematic of assigned orientations; a) cavity facing up b) cavity facing

to the side c) cavity facing down.
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Orientation % of population

Cauvity facing to the side 38
Cavity facing up 42
Cavity facing down 20

Table 6-2:Relative population densities of each orientation.

The orientation population weightings for bowl shaped swimmers are more distinct
than for dumping shaped colloids with only 20% appearing with their cavity facing
down. In this orientation the colloids most resemble spheres and their catalytic
coating area will be hemispherical. As with dumpling shaped swimmers this should
be reflected in the angular velocity analysis where around 20% of the tested
population are expected to have negligible angular velocity. The rest of the

population (=80%) are expected to have a rotational component to their motion.

6.3.2.2 Motion Testing

The results from LabVIEW motion tracking software indicate that the coated colloids

are swimming with an average velocity of 2.55+1.09 ums.

These results were compared to control experiments completed in deionised water,
in the absence of H202 fuel swimmers undergo Brownian motion as expected.

Trajectories for control experiments can be seen in red in Figure 6-16 to Figure 6-17.
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Figure 6-15: Ensemble average MSD plot for bowl shaped colloids in deionised

water.

The ensemble average MSD plot for 20 bowl shaped colloids in deionised water
(Figure 6-15) shows a linear plot which is consistent with pure Brownian diffusion,

indicating that the chemical reaction is the origin of the propulsive mechanism.

Measurements for the diffusion coefficients calculated in water were used to
estimate the size range of the swimmers using Equation 2-9, which assumes
spherical colloids. The average diameter was measured as 2.94+1.27 ym with a
43% standard deviation. This is in agreement with SEM analysis and explains the

large range of velocities measured.

Larger swimmers will have a smaller diffusion coefficient than smaller swimmers due
to the dependency of D on swimmer radius. This leads to a decrease in velocity

compared to smaller swimmers.
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Trajectories of bowl shaped colloids with angular velocity greater than 0.01 rads™
shown in Figure 6-17 and Figure 6-16 are as expected The motion is similar to the
larger dumpling shaped colloids but with more Brownian fluctuations and a

decreased persistence length due to their lower size.

Swimmers with a rotational component to their motion account for 82% of the tested
population whilst ballistic swimmers with negligible angular velocity account for only
18% of the tested population. This is consistent with the orientation distributions

discussed in 6.3.2.1.

®=0.794 rads™
—— ®= 0.514 rads™ 20 <
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Control in Deionised water

Y (um)

Figure 6-16: Representative trajectories of bowl-shaped colloids with w>0.1 rads™ in

10% wt. H202.
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Figure 6-17: Representative trajectories of bowl-shaped colloids with w=0.07-0.099

rads? in 10% wt. H20o.

Whilst the trajectories in Figure 6-18 show a relatively ballistic motion, they also
appear to have an unexpected periodic part-rotation despite producing negligible
results for angular velocity in OriginPro. It is possible this could be caused by
Brownian fluctuations, however the periodic nature of the disturbance, which is also
seen in Figure 6-17 suggests a non-random effect. The unusual geometry of the
starting colloid is likely to have an effect on the rotational time of the swimmers. A
decreased rotational time when compared to the same size of sphere without a
cavity could explain this periodic change of direction that does not appear to be

caused by an increase in angular velocity.
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Periodic rotations in the direction perpendicular to the field of vision, which cannot be
seen due to the 2D limitations of the video capture and analysis software, could also
potentially explain the disturbances in the trajectories. Difficulties encountered due to
motion in the z-axis are a driving factor in why ellipsoids, which sediment and couple

well with the lower boundary, were predominantly studied near a bounding surface

(Chapter 3).
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Figure 6-18: Representative trajectories of bowl shaped colloids with w < 0.01 radsin

10% wt. H20..
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6.3.2.3 Angular velocity analysis

Angular velocities were calculated using Equation 2-8 which are plotted with their

errors in Figure 6-19.
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Figure 6-19:Angular velocities for a set of swimmers. Error bars (calculated by
Originpro fitting software are provided for all data points but are too small to be seen

in most cases.

The results of the angular velocity analysis were concordant with the 3 types of
behaviour previously established and were binned every 0.05 rads™ then normalised
to give a distribution seen in Figure 6-20. Results for the distribution of angular
velocities are more evenly spaced than dumpling shaped swimmers with at least one

swimmer for every band.
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Figure 6-20: Bar chart showing the distribution of angular velocities for a set of

swimmers at 0.05 rads? intervals.

There are 3 distinct bands for angular velocity (Figure 6-21) with highly rotational
swimmers occurring most often. The number of swimmers with very low angular
velocity is the least common and the number of swimmers (18%) correlates with the
number of colloids with the cavity oriented downwards before deposition (20%). It
makes sense that bowl shaped colloids coated in this way would be the most
analogous to spherical Janus swimmers as the catalytic area is very similar in both
shapes. For the other orientations there is no correlation which unfortunately means
that the data is not sufficient to form conclusions that a certain orientation would give

a discrete band of possible angular velocity.
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Figure 6-21:A bar chart showing angular velocities grouped as high (>0.1rads™),

medium (0.01-0.099rads?1) and low (>0.01rads™) for a set of swimmers.

As previously discussed in 6.3.1.3, control over the orientation before deposition

would allow more rigorous testing of this link.
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When the data for angular velocity and translational velocity was combined (Figure
6-22) it can be seen that the highest translational velocity was achieved by a
swimmer with very low angular velocity which is consistent with ‘Dumpling’ shaped PDMS
colloids. However, unlike the dumplings, there are several highly rotational swimmers

that are also showing high translational velocities.

The bulk of the data displayed no obvious link between increased translational

velocity and low angular velocity.
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Figure 6-22: Scatter plot of translational velocity vs. angular velocity
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Figure 6-23 shows that swimmers with the lowest spin on average have the highest
velocity which is expected based upon qualitative analysis of the trajectories,
although there is not a huge amount of variation between the other two angular

velocity groups. This is in agreement with qualitative analysis of trajectories.
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Figure 6-23: A bar chart showing the average velocity of a set of swimmers within

defined bands for angular velocity.
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6.4 Discussion

The results from sections 6.3.1 and 6.3.2 were compared with the angular velocity

analysis for a set of 30 hemispherically coated spherical swimmers.

When the distributions of angular velocity are compared it highlights the significant
effect that shape has on the range of angular velocities produced and it is clear that
higher angular velocities can be introduced purely by changing the colloidal shape.
All spherical swimmers populate the first 0.05 rads™ band with a negligable average

angular velocity of 1.98x10®+ 5.10x108 pms™.

Within the bowl and dumpling shaped samples there are swimmers with negligible
angular velocity, which are similar in number to the number of colloids expected to

be oriented such that the resulting catalytic area after coating closely resembles a
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Figure 6-24: A comparison bar chart showing the distribution of angular velocities for

all samples at 0.05 rads intervals.
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hemisphere. For dumpling shaped colloids, 31% of the population were oriented with
a convex surface facing up and 36% of tested swimmers were found to have
negligible angular velocity. For bowl shaped swimmers, 20% of the population were
oriented with the cavity facing down and 18% of tested swimmers were found to
have negligible angular velocity. This data is consistent with the assertion that

catalytic coating areas shaped like hemispheres produce ballistic motion.

Swimmers with higher angular velocities most likely arose from colloids that were
oriented on the slides in such a way that they shadow portions of their own body. For
example, with bowl shaped colloids oriented on their side illustrated in Figure 6-14b,
when coated, the concave surface is shadowed, and no platinum is deposited. This
would lead to highly asymmetrical coatings that enhance rotational motion. The
number of swimmers in each case that had a rotational component to their motion
was again well correlated with the number of colloids in orientations that would lead
to non-hemispherical coating shapes, 69% and 82% respectively. Above this
rotational threshold however, the data does not indicate any correlation between

specific ‘non-hemispherical’ orientations and how large the angular velocity is.

Based on the distinct patterns in the distribution graphs (Figure 6-24) it may be
possible to assign a pattern as a ‘fingerprint’ type identifier for a given sample’s
expected range of angular velocities. In order to achieve this, many more shapes
would need to be analysed and this is something that is under consideration for

future work in the project.

As with the ellipsoids discussed in chapter 5 rotational motion of bowl and dumpling

shaped swimmers could be further enhanced by glancing angle deposition.
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6.5 Conclusions

The aim of producing a ‘one-pot’ synthesis of swimmers that had a broad range of
angular velocities was achieved, with bowl shaped swimmers displaying angular
velocities of up to 0.8 rads™? under standard coating conditions (no glancing angle).
This is significantly higher than the ellipsoids coated under standard conditions in
chapter 3, where the maximum angular velocities were =0.3 rads. These values for
angular velocity are both consistently higher than for spherical Janus swimmers

(Figure 6-24).

The results did not reveal any significant correlation between the increased angular
velocity and the orientations on the slide during the coating process, and as such this
cannot be assigned as the cause of the increase. In fact, it is more likely that the
inherent asymmetry of the starting colloids caused significant enough symmetry
breaking of the catalyst coating to induce these enhanced rotations. Due to the
concave and convex surfaces of these colloids, depending on how they are oriented
on the slide during coating, could induce a degree of self-shadowing like the
ellipsoidal colloids investigated in chapter 5. This shadowing could be explored
further by employing the glancing angle deposition technique that succeeded in

enhancing rotation in Ellipsoidal swimmers.

This is a very straight forward process to achieve enhanced rotations in Janus
swimmers, however if discreet angular velocities are desired then it would be much

more appropriate to use a glancing angle e-beam evaporation synthesis.
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7 Conclusions and Future Work

This thesis has explored the effect of making changes to the geometries of
previously tested swimmers’ systems on the resulting swimmer dynamics. Many of
these effects were expected, such as asymmetrical catalytic patches and colloids
leading to increased rotational motion and the work focused on improving ease of
synthesis. The work here shows that rotational motion across a population of
swimmers can be easily enhanced by using a non-rotationally symmetrical colloid.
The effects are significantly improved when a glancing angle deposition is employed,

without the need for a laboriously crafted colloidal crystal.

Most significantly, it was found that use of an ellipsoidal starting colloid produces a
swimmer with both surface and fluid flow alignment capabilities. The swimmers
generate a density driven convective flow at very low volume fractions which once
established, the swimmers align in such a way that they travel across the flow field
rather than being carried by it. This has been achieved with externally imposed flows
with rods and spheres, but this is the first work where the flow is self-generated, and
a closed system confined by the cuvette. This simplified set up would allow for use of

these swimmers outside of laboratory settings.

This thesis highlights the rich effects of geometry changes on micron-scale
swimmers and the general lack of experimental data for swimmers which deviate

from the standard rods and spheres.

As each chapter explores differing conditions and phenomena the rest of this chapter

will be broken down into respective experimental chapters.
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The experimental work has been predominantly focussed on ellipsoidal micron scale
Janus swimmers and their rich dynamics, especially near surface swimming and

when exposed to slow shear flows in the early experimental chapters (3&4).

The later chapters (5&6) focus more on the introduction of advantageous rotations in
non- symmetrical colloids of various geometries (ellipsoid, bowl, dumpling) with an

emphasis on the simplicity of synthesis.

7.1 Ellipsoidal Micro-swimmers

7.1.1 Conclusions

When the basic motion of ~9x2 um Janus ellipsoidal swimmers was investigated,
most ellipsoids were found to sediment to the lower surface of the cuvette. Once
sedimented, these ellipsoids translated at ~90° from their major axis with a steady
orientation of ~20° between the cuvette surface and the ellipsoid major axis, this tilt

is unexpected and warrants further investigation.

Few ellipsoids were found in the bulk fluid, those that were had no orientational
alignment in either direction, and this was attributed to an increase in degrees of

freedom when not bounded by the cuvette surface.

Translational velocities of ellipsoids were slower than an analogous sphere, likely
due to their increased surface area, whilst angular velocity analysis revealed a broad
spread of values not typically seen in spherical swimmers. The increased angular
velocities were attributed to asymmetries in the catalyst coating, and this was

investigated more thoroughly as the basis for chapter 5.
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7.1.2 Future work

Observations of ellipsoidal swimmers were significant enough to suggest a
mechanism of motion as the same as their spherical counterparts, however, the
conclusions drawn around ellipsoidal swimmers are without definitive proof of the
mechanism of motion at play. This would usually be achieved by directly observing
the direction of motion with respect to the catalytic patch using fluorescence
microscopy. Unprecedented fluorescence bleaching of ellipsoidal colloids vs.

spheres made this method impossible during these experiments.

Other publications with similar results have also not achieved this yet, and as such

this would be important future work to consider.

Rather than relying on the inbuilt fluorophores in the purchased colloids,
fluorescence tagging of the swimmers after the electron beam coating could
potentially be employed to overcome this obstacle. This would require a large supply
of ellipsoidal colloids, as they are produced and cleaned in small batches and each
added step to the synthesis results in more lost colloids and non-practical volume

fractions of swimmers.

7.2 Flow phenomena in ellipsoidal micro-swimmers

7.2.1 Conclusions

Ellipsoidal swimmers in a confined cuvette were found to generate a density driven

flow field when exposed to hydrogen peroxide fuel at low volume fractions. There
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was a qualitatively observed preference for the swimmers to translate across the

direction of the flow, rather than with it as expected.

Statistical assessment of this phenomena showed that ellipsoids with low angular
velocity (<0.2 rads™?) spend the majority of their time translating in a direction
approximately perpendicular to the flow direction, with their major axis showing a

preference to align ~38° from the flow direction.

Control experiments of passive ellipsoidal colloids in an externally imposed flow of
similar magnitude show that, in the absence of activity, there is a clear preference for
the colloids to travel in the direction of the flow with their major axis aligned ~25°

from the flow direction.

Ellipsoidal swimmers with higher angular velocities (>0.2 rads™)-were found to have
poor alignment of both the major axis orientation and travel direction with the flow.
This is suspected to be caused by competing effects of driven angular rotation and

flow alignment.

7.2.2 Future work

Future work for this chapter is largely theoretical, and is already in progress as part
of a collaboration with Prof. Raphael Wittkowski (Institute of Theoretical Physics,
University of Munster) and his research group. This collaboration has the potential
for the results in this chapter to be published alongside a model which aims to

improve the understanding of the flow alignment mechanism.
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As the specific conditions described here, in which ellipsoidal colloids are able to
align have yet to be discussed in the literature either experimentally or theoretically,

this is the next major step in understanding why the alignment is seen.

Further to understanding more about why the ellipsoids align, it would be beneficial
to control the angular velocity of the ellipsoidal colloids, as rotations appear to
overpower the alignment effect. Consistently lower angular velocity swimmers would
require control over the orientation of the ellipsoid during coating to minimise
asymmetries in the catalyst coating that introduce the angular component. This will
be described in further detail in section 7.3.2 but could be achieved, for example by

using magnetic colloids that are then aligned at a known angle prior to coating.

7.3 Ellipsoidal micro-swimmers with enhanced rotational motion

7.3.1 Conclusions

This chapter investigated the cause of the previously seen ‘high’ angular velocity
ellipsoidal swimmers and then exploited this cause to produce significantly enhanced

rotational velocities by breaking the symmetry of the catalyst coating.

This symmetry breaking was easily achieved when compared to the synthesis of
rotating spherical swimmers, which require a closely packed colloidal crystal

monolayer to achieve any shadowing during coating.

The ellipsoidal colloids, when tilted during the coating process, cause shadowing
along their major axis which leads to a build-up of platinum at the tip closest to the

metal source.
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The angular velocities achieved were comparable to their spherical counterparts.
However, as the orientation of the ellipsoids on the substrate before coating was not
controlled, there were still a broad range of angular velocities observed. Controlling
the orientation of the long axis during coating would give narrower ranges of angular

velocity for a given glancing angle.

7.3.2 Future work

7.3.2.1 Controlling the long axis orientation, a

Control over the long axis orientation, a, has the potential to impart added control
over angular velocity. Use of a micro ridged surface with ‘trenches’, the appropriate
width of the colloid would encourage settling into the ridges when allowed to dry
naturally. Figure 7-1 from Wilts et al.®2 shows an example of a substrate made from
epoxy that mimics the ridged surface of a petal, that could be used to align ellipsoidal
colloids prior to coating. If a micro-ridged substrate were to be used, care over the
material used is paramount, as the coating process involves high energy electrons

and temperatures that could cause melting or burning.

& o

Figure 7-1: Epoxy replica of the surface of a petal. Scale bar 10um from Wilts. et

al.92
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Use of magnetic materials built into the colloids would also allow long axis alignment.
The magnetic colloids could be deposited onto a glass slide as they usually are, and

then aligned (before they dry) using a magnetic field.

7.3.2.2 Increasing angular velocity by varying the glancing angle, 0

The publication regarding rotating spheres found that the angular velocity could be

further increased at shallower glancing angles, peaking at a 20° coating angle.

Due to time constraints caused by the pandemic, systematic testing of a wide range
of glancing angles was not possible. Instead, the catalyst coatings at these further
angles were predicted using ray tracing and displayed in Figure 7-2. In Figure 7-2 a)-
d) it can be seen that little asymmetry is introduced before the glancing angle hits at
least 60°, the experimentally tested glancing angle. After this point small changes in
the glancing angle dramatically increase the asymmetry in the coating. As such, it
would be useful to test shallower glancing angles (40°-10°) experimentally in future if

higher angular velocities are desired.
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Figure 7-2: Schematic showing predictions for how the reducing glancing angle
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7.4 Dumpling and Bowl-shaped swimmers

7.4.1 Conclusions

The final experimental chapter (6) explored colloids with less monodisperse
geometries and therefore, more available orientations before coating, as a substrate

for rotational swimmers.

The dumpling and bowl-shaped swimmers produced similar results to ellipsoidal
swimmers in that there was a broad range of angular velocity distribution across the
samples. Bowl shaped swimmers achieved significantly higher angular velocities
than the fastest spinning ellipsoids coated under standard conditions. The
trajectories more resembled rotational spheres than the smooth circular behaviour

seen for ellipsoidal swimmers.

These colloids are more difficult to orient than ellipsoidal colloids, so where a
controlled range of angular velocities are desired, ellipsoids or spheres would be a

more appropriate geometry.

Where a range of angular velocities is desired in a simple ‘one pot’ synthesis,
starting colloids of a variety of geometries are very effective. The synthesis methods
for such colloids tend to be quite complicated and as such, use of diatomic frustules
as a naturally occurring and very cheap substrate for active swimmers, is proposed

and discussed in section 7.4.2.
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7.4.2 Future work

Diatomic frustules, pictured in Figure 7-3 from Hildebrand et al.®3, are the shells of
dead diatomic algae. The shells are hard but porous and composed predominantly
out of silica which is an ideal material for the basis of catalytic swimmers. These
frustules, which come in a rich variety of geometries and sizes (2um-200um) are

readily available and extremely cheap.

Figure 7-3: Diatomic frustules in various geometries imaged by SEM, by Hildebrand

et al.®

Diatoms, when coated in platinum would produce swimmers with geometries that are
currently impossible to synthesise and would allow access to swimmer dynamics not
yet seen in the literature. With the porous nature of the structure increasing their

ability to collect, carry and deliver cargo in microfluidic applications.
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This work has described in detail the effects of changing geometries of active
colloids and highlighted the lack of complex shaped swimmers in the literature. The
shape induced dynamics of active colloids are extensive and the enhanced potential
for applications of non-spherical swimmers, such as self-induced flow alignment,

would allow for uses outside of the lab.

These findings indicate that, given an unlimited budget and without time constraints,
it would be prudent to experimentally test any conceivable non-rotationally

symmetrically shaped swimmer to investigate their shape induced dynamics.
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