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Chapter 1

General Introduction

1.1 Microswimmers

The definition of “microswimmer” consists of two elements, “micro-" for the microscopic
scale of the objects (usually less than 1mm), and “swimmer” for their means of self-

propulsion through a liquid.

Prevalent examples of microswimmers in nature are bacteria and many other unicellular
organisms such as archaea, protozoa, algae, and fungi. Among all bacteria, E. coli,
which is common in human and animal intestines, is perhaps one of the most widely
known and studied microorganisms. [1-7] It uses several flagella, which are rotated by a
motor complex and anchored in the bacterial cell wall, to propel the bacterium. [4, 7-10]
Sperm, which is closely related to the reproductive process, uses a single cilium to propel

through ovary fluids and transport the male DNA to the female egg. [11-18]

For synthetic microswimmers, artificial micro- and nano-machines are gradually becoming
a reality with the development of new materials and 3D printing technology or other
advanced techniques. [19, 20] They show great potential in various technological and

biomedical applications. [21-23] For example, they might be able to serve as the targeted



delivery of drugs or genes and other cargo to a certain target, such as a lesion, through

our complex body fluid environment. [22, 24, 25]

Systematic studies on the dynamics of microswimmers are important for both biological
and artificial microswimmers. These studies can help us to understand the complex
behaviour of microswimmers, and thus allow us to further our understanding of basic
biology. On the other hand, the related research can provide a guide for developing

artificial micromachines.

1.2 Swimming at the Microscale

Swimming seems to be very easy for human beings by repeating a specific body motion to
propel their body forward. However, swimming at the microscale is different from what
we know about swimming in a macroscopic world. A key defining feature of microscopic

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

_ Inertial Forces  pUa (1.1)
~ Viscous Forces 7 '

where p is the density, U is the velocity, a is a characteristic radius and 7 is the viscosity.
If Re >> 1, inertial forces dominate, otherwise for Re << 1, viscous forces are more

influential.

In general, human swimming in water often experiences a Reynolds number in the order
of 10%, which means the swimming relies on inertia. However, for a microswimmer, Re
is typically << 107!, due to their very small body sizes and slow swimming velocities.

That is, inertia is negligible, and viscous forces dominate.

Thus, for swimming at low Reynolds numbers, constant propulsion is needed to move
consistently through the liquid due to the absence of inertia. Moreover, the motion

carried out has to be non-reciprocal in order to achieve a net displacement, known as the



scallop theorem. This was first proposed by Purcell in 1977 in his famous paper “Life at
low Reynolds number” [26]. Taking the motion of a scallop that can only open and closes
its shell, he pointed out that the scallops in theory cannot propel themselves. However,
real scallops with relatively large Reynolds numbers can swim due to the inertial force.
For microorganisms such as bacteria or sperm, the non-reciprocal motion can be achieved
by using their flagella or cilia [4, 7-10], whereas for the artificial microswimmers, the
condition of non-reciprocality can be fulfilled through external, e.g., the magnetic field
[27-29], and internal factors, e.g., distinct physical properties on Janus particle surfaces

(30, 31].

1.3 Theoretical Formulations

In this chapter, we introduce the theoretical formulations that govern the dynamics
of microswimmers near a liquid-liquid interface. In this dissertation, all the works
are performed by means of three-dimensional direct numerical calculations with fully

resolved hydrodynamics.

First of all, a numerical model for microswimmers is needed. For this, the squirmer model

is applied in 1.3.1. We also discuss how to represent the different types of microswimmers
theoretically with this model. Then in order to understand the hydrodynamic interactions
between microswimmers and fluids, we present the Navier-Stokes equations for incompressible
flow in a Newtonian fluid in 1.3.2, and the Newton—Euler equations for the dynamics of

the rigid particles in 1.3.3. Due to the high calculation costs of the sharp boundaries,

we introduce the Smooth Profiled Method in 1.3.4. To extend to the binary phase-
separating fluid mixtures, we introduce model H by coupling the Cahn-Hillard Equations

and Navier-Stokes Equations in 1.3.5.
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Figure 1.1. Schematic representation of the propulsion mechanism and flow profiles of
a pusher and a puller (a and b), respectively. These swimmers can be represented
using the squirming model, in which the detailed propulsion mechanism is replaced by
a specified surface velocity at the surface of the particles for pushers and pullers (¢
and d), respectively.




1.3.1 The squirmer Model

For numerical analysis dynamics of the microswimmer, the squirmer model was employed
in this work. This physical model is originally proposed by Lighthill [32] and later

extended by Blake [33].

In this model, the irregular shape of the microswimmer is simplified to a rigid sphere,
and the motion of beating cilia is represented as a distribution of velocities on its surface,
as shown in Fig. 1.1. The tangential, time-independent surface velocity distribution is

decomposed into a series of the form:

2 , R
W) =) —= i 1.
u® () Zl TP B, P,(cos ) sin 91, (1.2)

where ¥ = cos™!(# - ) is the polar angle between # and the swimming direction €, ]
is the unit polar angle vector, and 7 is the unit vector directed from the centre of the
squirmer toward a point on its surface. P;L is the derivative of the Legendre polynomial

of the nth order, and B, is the magnitude of each mode. [34, 35]

Here, the activity of microswimmers is introduced in terms of the prescribed flow field.
A microswimmer gives such a given flow field with respect to its own swimming direction
and propels itself as the reaction of that. In this model, the assumptions are roughly only
the following three: rigidity of squirmers, axisymmetry around the swimming axis, and
ignorance of the components in radial or azimuthal components of the active flow field
on the squirmer surfaces. Although the original derivation is done assuming a ciliary
microorganism, because the assumptions are only general ones, this model can express
far-field characteristics of the flow field around various types of swimmers well. This is

also the case even for non-living swimmers like diffusiophoretic Janus particles.

In a Newtonian fluid, only the B; mode, which represents the source dipole, contributes
to the steady-state propulsion velocity of the squirmer Uy = 2/3B7, and the By mode,
which represents the force dipole, is physically related to the stresslet of the squirmer.

5



Therefore, many studies, as well as this work, considered model swimmers represented

by only the first two modes of the expansion in Eq. (1.2):

u®(¥) = Bi(sind + g sin 20)9, (1.3)
The ratio f = Bg/B; in Eq. (1.3) represents the swimming type of microswimmers.
When S is negative, the squirmers are pushers and generate extensile flow fields along
the swimming axis; When 5 is positive, the squirmers are pullers generating contractile
flow fields. The case of 5 = 0 corresponds to the neutral squirmer. The main difference in
the types of microswimmers can be related to the position of the propulsion mechanism
along the body. A pusher is a swimmer where the propulsion is generated at the back
(e.g., bacteria like E. Coli), while for pullers, the propulsion comes from the front (e.g.,
algae-like C. Reinhardtii). In neutral swimmers (like Volvoz), the coefficient By is small

compared to Bi, and this is reflected in a symmetric flow field without vorticity.

1.3.2 The Navier-Stokes equations

The flow of liquids on macroscopic scales is governed by the Navier—Stokes equations

with a constant density p under the incompressible condition:

p(Os+us - V)uy =V -0, (1.4)

V.u; =0, (1.5)

where p is the fluid density. The Newtonian stress tensor o is composed of two contributions,

namely, the isotropic pressure term and the shear stress term oy due to the viscosity 7:

o=—pl+oy, (1.6)

or=n(Vu+Vul), (1.7)



where | is the unit tensor.

1.3.3 The Newton-Euler equations

The dynamics of the rigid particles are determined by Newton—Euler equations of motion:

R, =V, (1.8)

Qi = skew() - Q;, (1.9)
M,V; = F/' + FF + F{™, (1.10)
I, -Q; = N + N&ot, (1.11)

_4_2 _ 2 2 : : :
where M), = 3ma“p, and I, = £ M,a“l are the mass and moment of inertia, respectively,

of the particles with the radius a and density p,; Q; is the orientation matrix of particle

i; and skew(€2;) is the skew-symmetric matrix of the angular velocity €2;, defined as

0 —Qg QQ Q1
skew(€2) = (o 0o -0 |, =] O (1.12)
—Q 0 Q3

The hydrodynamic forces and torques are given by FZH and Nl-H , FiC represents direct
particle-particle interactions (N = 0), and F£** and N£*! are the external forces and

torques, respectively.

1.3.4 The smoothed profile method

To simulate the dynamics of a swimming system while fully considering the hydrodynamic
interactions, we employ the smoothed profile (SP) method [36]. In this method, all
boundaries, including both fluid/solid and fluid/fluid boundaries, are considered to

possess a finite interfacial thickness ¢ instead of the sharp boundary conditions which



result in very expensive calculation costs. This greatly simplifies the modelling and
improves the computational efficiency of the method, as it avoids the need for complicated
discretizations around the particles and the accompanying re-meshing of other direct
numerical simulation (DNS) approaches, such as spectral /hp element methods[37]. Fluid/solid
boundaries are implicitly accounted for by introducing a phase field function ¢(r), which
is equal to 1 within solid domains (inside the squirmer particles), is equal to 0 within
the fluid domain (outside of the squirmer particles), and smoothly varies between 0 and
1 across the interface. Thus, such an interface can be represented by the gradient of the

phase field, which will be nonzero only within the interfacial domains.

A modified (incompressible) Navier—Stokes equation is employed as the governing equation

for the total fluid velocity u:

POy +u-Viu=V -0+ p(dfy+¢fs), (1.13)

V. .u=0, (1.14)

where o is the Newtonian stress tensor (viscosity 1) and p is the fluid density. The term
¢ fp appearing on the right-hand side of Eq. (1.13) is introduced to enforce the rigidity of
the particles; likewise, the term ¢ f, is introduced to enforce the “squirming” boundary

condition at the surfaces of the particles (Eq. (1.3)).

The total velocity is defined in terms of the fluid velocity field u; and the particle

velocity field u, as

u=(1—-¢)us+ guy, (1.15)

dup =S ¢V + Qi x Ry, (1.16)

where the first term, (1 — ¢)uy, represents the velocity field of the binary fluid, while

the second term, ¢u,, represents the particles’ velocity field, which is defined in terms



of the positions R;, velocities V;, and angular velocities €2; of the particles (where i is

the particle index).

The accuracy of the SP method has been extensively studied in previous work [36, 38—
41]. For example, the friction and mobility tensors of non-spherical particle assemblies
obtained from simulations at low Reynolds number (Re) are within < 5% of experimental
values and high-precision solutions of the Stokes equation [40]. A similar degree of
accuracy is found for the angular velocities of spherical particles under shear flow
for Re < 10 [42] and the ¢ potential of charged colloidal dispersions [43]. Likewise,
simulation results for the terminal velocity of a rising droplet in a binary fluid (density
ratio pa/pp < 1) were within < 8% of the theoretical predictions [41]. Finally, we note

that these benchmark simulations were performed using relatively coarse resolutions, for

particles of size a = 4 ~ 5A, with interfacial thickness £ = 2A (A the grid spacing).

1.3.5 Phase-separating dynamics

The host fluid in our system is modelled as a phase-separating binary fluid mixture using
the Cahn-Hilliard (CH) model, which, coupled with the Navier-Stokes hydrodynamics,
yields the so-called model H [44, 45]. The order parameters for the A and B phases, 14 (r)
and 1 p(r), represent the volume fractions of the constituent components ( 0 < 9, < 1).
Furthermore, since the sum total of the volume fraction of all components (fluids and

particles) is constrained to be unity,

Yatvp+o=1, (1.17)

the composition of the A/B phase-separating fluid can be described in terms of a single

order parameter ¥ (r),

Y =1va—YpB. (1.18)



This order parameter ¥ (r) is defined to be equal to 1 in the A domain and —1 in the B

domain.

The dynamics for ¢(r) is determined by the following modified Cahn-Hilliard equation

%f (u- V) = k92, (1.19)

where u is the total velocity field, ~ is the mobility coefficient, and py, = 6F /09 is
the chemical potential associated with the order parameter . In what follows we will
also need to account for the fluid-particle interactions using a second chemical potential
associated with the ¢ order parameter, puy, = 0F/d¢. These chemical potentials are

derived from the Ginzburg-Landau free energy functional

Flo.ol = [ ar [£6)+ 5 (V0P + ugu(Voy (1.20

The first term in the integrand of Eq. (1.20), f(¢) = f9* — %1/}2 represents the Landau
double-well potential, with two minima at @y = 1 and —1. The second term is the
potential energy associated with the fluid A/B interface, the third term represents the
particles’ affinity for each of the fluid A/B phases. The chemical potentials corresponding

to this free-energy function are then

py = ['() + aV2 + wéy (V$)? (1.21)

g = 206, (Vi - Vo + YV23). (1.22)

In what follows we assume that the particles will interact with the interface hydrodynamically

but not chemically and so we set w = 0 in all the simulations reported below.

10



1.4 Thesis Objectives

The dynamics of microswimmers in a complex fluid system are studied by means of
direct numerical simulation with fully resolved hydrodynamics. Our objective is clearly
and consistently, that is, to investigate the dynamics of particles near the liquid-liquid
interface by developing and improving the swimmer/fluids model. As a result, we have
developed the relevant physical model in Chapter 2 and added new variables and

constraints in Chapter 3 and Chapter 4. This dissertation is organized as follows.

In Chapter 2, the dynamics of microswimmers near a soft penetrable interface are
investigated. Previous numerical studies of swimmer dynamics at interfaces have usually
considered only far-field hydrodynamics or non-penetrable surfaces. In this chapter, a
physical model in which swimmers interact with a soft, deformable, and penetrable
interface is proposed to study the dynamics of microswimmers near such an interface.
It is shown that microswimmers have different swimming motions after approaching the
interface. The effects of the microswimmer’s angle of approach, swimming types, and
swim strength on the choice of swimming motion are further explored. Furthermore,
by quantifying the time evolution of the orientation angle of microswimmers during a
collision with the interface, the author provides the rules for change in angle for different
types of microswimmers. This study also shows that microswimmers have a final stable
state which is only related to their swimming strength after repeated collisions with the

interface and elucidates the mechanisms involved.

Chapter 3 discusses the dynamics of microswimmers near a liquid-liquid interface with
viscosity difference. In this study, the viscosity of the fluid was introduced into the binary
fluid model proposed above as a phase-dependent function to analyze the dynamics
of swimmers approaching a fluid-fluid interface between phase-separated fluids which
have distinct viscosities. The results show that the viscosity ratio also has an effect
on the movement patterns of microswimmers. By performing simulations with different

viscosity ratios, the microswimmers exhibit a preference for the lower viscosity fluid.

11



Furthermore, strong pullers initially located in relatively low viscosity fluids are observed
to swim parallel to the with a certain distance, named as “hovering” motion, which is
highly consistent with previous studies on the dynamics of microswimmers near solid

walls.

In Chapter 4, dynamics of a model microswimmer near a liquid droplet with a penetrable
interface are presented. In this chapter, the study was extended from planar interfaces
to non-planar surfaces. It was found that the dynamics of swimmers near the drop
surface remained consistent with previous studies near a flat interface. The radius of
the droplet can have a further influence on the choice of swimming modes. Additionally,
in this chapter, the dependence of the critical capture radius of the droplet on the
properties of the microswimmers, such as swimming types and strength, is investigated.
The results show that only a strong puller is able to slide on the droplet surface. The
dependency of the viscosity ratio is further studied. Compared to isoviscous systems,
non-isoviscous fluids systems, both with positive and negative viscosity differences, have

a negative effect on droplet capture.

In Chapter 5, the general conclusion is stated. The contents of this dissertation are

summarized and the perspectives are presented.

12



Chapter 2

Dynamics of microswimmers near

a soft penetrable interface

2.1 Introduction

Microswimmers, including flagellated bacteria, such as E. coli [9] and motile, single-
celled eukaryotes, such as Chlamydomonas [46], are common in biology and usually
exist in complex fluid environments in nature. Systematic studies on the dynamics
of microswimmers that can help us to understand their complex behaviours will, thus,
allow us to further our understanding of basic biology and provide a guide for developing
artificial micromachines. The latter could have great potential in various technological
and biomedical applications [4, 47], such as targeted drug delivery [48] or therapies using

microrobots [49].

Although biological microswimmers are usually found in complex or complex fluids, most
theoretical /simulation studies on their dynamics have focused on simple homogeneous
host environments [50-52]. Among the few works that have focused on the dynamics
of microswimmers in complex multiple-fluid systems, studies have usually focused on
swimmers in the vicinity of solid/fluid interfaces [53-56] or liquid/gas interfaces [57].

13



These previous studies have revealed that microswimmers can be strongly influenced by
liquid/solid and liquid/gas boundaries; they may loiter near, escape from, or glide along
the boundary [54]. Over a longer time scale, circular motion at the boundary has even
been observed with the swimming orientation determined by the boundary conditions

[55].

Studies of swimmer dynamics in complex fluids systems, with soft and/or penetrable
interfaces, are still limited in number due to the high associated computational costs
[58, 59]. In the present chapter, we take a step toward understanding the behavior
of microswimmers in complex environments by performing direct numerical simulation
(DNS) of swimmers in a binary (Newtonian) fluid mixture. In particular, we fully
account for the deformable and penetrable nature of the interface between the two

phase-separated fluids.

This chapter is organized as follows. First, we present the details of our theoretical
model and numerical method. We then provide a comprehensive analysis of our DNS
results, in which we observe two distinct motions at the interface, depending on the
type of swimmer and the incidence angle: (1) transmission across the interface and
(2) bouncing back from the interface. Finally, we also present a detailed analysis and

characterization of the resulting steady-state behaviour.

2.2 Simulation Methods

2.2.1 The squirmer model

To model microswimmers, the squirmer model is employed in this chapter. It is a
widely used model for a self-propelled particle in which the swimmer is represented as

a spherical particle of radius a, with a modified stick boundary condition at its surface

14



[32, 50]. The surface velocity at a point r at the surface of the sphere is

sron N~ 2 / 05
ut(9) = z_:l mBnPn(cos ) sin 999, (2.1)

where ¥ = cos™!(# - €) is the polar angle between #/|r| the unit radial direction and é
the swimming direction, with 9 = # x (7 x é€)/sin? the corresponding unit tangential

/
vector. P

. 1s the derivative of the Legendre polynomial of the nth order, and B, is

the magnitude of the nth mode. Here, this surface velocity has only tangential polar
components, responsible for the self-propulsion of the swimmer, and the radial and

azimuthal contributions to this have been neglected [34, 35].

In this chapter, only the first two modes in Eq. (2.1) are retained:
. By . 3
u®(¥) = ( Bysind + — sin 20 |9 (2.2)

The first term in Eq. (2.2) represents the swimmer’s source dipole, and coefficient B;
is physically related to the steady-state swimming velocity of the squirmer via Uy =
2/3B;y. The second term corresponds to the force dipole and is proportional to the
swimmer’s stresslet. The ratio § = By/B; determines the squirmer’s swimming type
and its strength. When [ is negative, the squirmer is a pusher and generates extensile
flow fields in the direction of propulsion; when § is positive, the squirmer is a puller
generating contractile flow fields. The marginal case of 8 = 0 corresponds to a neutral
particle that swims with the potential flow in the surrounding fluid. In what follows,
we will refer to the microswimmer with |3] < 1 as being weak whereas |3| > 4 as being
strong. Different types of squirmers can be mapped to different kinds of microorganisms

in nature.

15



2.2.2 Smoothed profile method

To simulate the dynamics of a swimming system with fully resolved hydrodynamic
interactions, we employ the smoothed profile (SP) method [36]. In this method, all
boundaries, including both fluid/solid and fluid/fluid boundaries, are considered to
possess a finite interfacial thickness £&. This greatly simplifies the modeling and improves
the computational efficiency of the method, as it avoids the need for complicated discretizations
around the particles and the accompanying re-meshing of other DNS approaches, such
as spectral/hp element methods [37]. Fluid/solid boundaries are implicitly accounted
for by introducing a phase field function ¢(r), which is equal to 1 within solid domains
(inside the squirmer particles), is equal to 0 within the fluid domain (outside of the
squirmer particles), and smoothly varies between 0 and 1 across the interface. Thus,
such an interface can be represented by the gradient of the phase field, which will be

nonzero only within the interfacial domains.

A modified (incompressible) Navier—Stokes equation is employed as the governing equation

for the total fluid velocity u:

p(at+u'v)u:V'U+p(¢fp+¢fsq)’ (23)

V. .u=0, (2.4)

where o = —pl+7(Vu+ Vu?l) is the Newtonian stress tensor (viscosity 1) and p is the
fluid density. The term ¢ f, appearing on the right-hand side of Eq. (2.3) is introduced
to enforce the rigidity of the particles; likewise, the term ¢ f, is introduced to enforce

the “squirming” boundary condition at the surfaces of the particles [Eq. (2.2)].
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The total velocity is defined in terms of the fluid velocity field u; and the particle

velocity field u,, as

u=(1- d)us + du, (2.5)

du, = ¢i[Vi+ Qi x Ry, (2.6)

where the first term (1 — ¢)us represents the velocity field of the binary fluid, whereas
the second term ¢u, represents the particles’ velocity field, which is defined in terms of
the positions R;, velocities V;, and angular velocities ; of the particles (where i is the

particle index).

The dynamics of the rigid particles are determined by the Newton-Euler equations of

motion,

R, =V, (2.7)
Q; = skew () - Q;, (2.8)
M;V; = F' + Ff + Ff*, (2.9)
J; = N + N¢#t, (2.10)

where M; is the mass of particle i, J; = I; - Q; is its angular momentum (I; is the
moment of inertia), Q; is the orientation matrix, and skew(€2;) is the skew-symmetric
angular velocity matrix. The hydrodynamic forces and torques are given by EH and
NiH , FZC represents direct particle-particle interactions (NS = 0), and Ffot and NF*t

7

are the external forces and torques, respectively.

The accuracy of the SP method has been extensively studied in previous works [36, 38—
41]. For example, the friction and mobility tensors of nonspherical particle assemblies
obtained from simulations at low Reynolds number (Re) are within < 5% of experimental
values and high-precision solutions of the Stokes equation [40]. A similar degree of

accuracy is found for the angular velocities of spherical particles under shear flow,
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Figure 2.1. Schematic of a single swimmer near a planar interface normal to 2. The
swimmer’s squirming axis is €, and its angle with the interface defines the orientation
of the particle, which is denoted as . The direction of motion is given by v with a
relative angle to the interface .

for Re < 10 [42], and the ¢ potential of charged colloidal dispersions [43]. Likewise,
simulation results for the terminal velocity of a rising droplet in a binary fluid (density
ratio pa/pp < 1) were within < 8% of the theoretical predictions [41]. Finally, we note

that these benchmark simulations were performed using relatively coarse resolutions, for

particles of size a = 4 ~ 5A with interfacial thickness £ = 2A (A is the grid spacing).

2.2.3 Binary fluid model

The host fluid in our system is modelled as a phase-separating binary fluid mixture using
the Cahn-Hilliard (CH) model, which, coupled with the Navier-Stokes hydrodynamics,

yields the so-called model H [44, 45]. We refer to the two phases of this binary mixture
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as fluids A and B. The spatial distributions of fluids A and B are given by order
parameters ¥4 (r) and ¥p(r), respectively, with 0 < 1, < 1. The composition of the

fluid mixture is then determined by the order parameter ¢ (r),

Y =1 — g, (2.11)

which takes a value of 1 in the A domain and a value of —1 in the B domain where the

fractions of the constituent components (fluid and particles) must sum to unity,

Ya+yvp+o=1 (2.12)

To account for the binary fluid nature of the host fluid, an additional force term is

introduced in Eq. (2.3),

p(Os+u-Viu= V-0 —-0Vuy —dVug + p(ofy + fsq),

where p, = 0F/6v and puy = 0F/d¢ are the locally defined chemical potentials with
respect to ¥ and ¢, defined as functional derivatives of the Ginzburg-Landau free energy

F. The time evolution of 1 is given by the following CH equation:

8677: + (u- V) = kV 1y, (2.13)

where k is the mobility coefficient.

The free energy I’ can be represented as follows:

F= [ar 1)+ 5767 + ugu(Vo7]. (214

In Eq. (2.14), the first term f(¢)) = 1¢* — 142 represents the Landau double-well
potential and has two minima at @) = 1 and —1. The second term is the potential

energy associated with the fluid A/B interface. The third term represents the particles’
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affinity for each of the fluid A/B phases. Thus, the chemical potentials are

iy = () + aV%h + wéy(V )2, (2.15)

and

po = 20Ey (V- Vo + $V0). (2.16)

In the present chapter, to keep the system as simple as possible, we assume that fluids A
and B are immiscible but otherwise possess identical physical properties. In addition, we
assume that the swimmers interact with the interface only hydrodynamically. Therefore,

we set w = 0 in the present simulations.

2.3 Results

In this chapter, to investigate the dynamics of swimmers in complex fluids systems, we
focus on the dynamics of a single particle near a fluid-fluid interface. All simulations are
conducted for an immiscible A/B fluid system in a rectangular computational domain
with dimensions of 32A x 32A x 64A with A being the grid spacing and unit of length.
Periodic boundary conditions are established in all directions. Fluids A and B share
all the same physical properties, such as density and viscosity, and are initially phase

separated in the z direction (see Fig. 2.1).

The radius of the squirmer is a = 4A. The fluid-fluid interface thickness {; is of order
unity with the present choice of @« = 1 in Eq. (2.14), and the particle-fluid interface
thickness &, is set to 2. The parameter B; in Eq. (2.2) is set to 0.015, corresponding to a
single-particle steady-state velocity of Uy = 2/3B; = 0.01. The mobility « [Eq. (2.13)],
the shear viscosity 7, and the mass densities p = p4 = pp = p, are all set to 1. Then,
the particle Re is Re = pUpa/n = 0.08, the Péclet number (Pe) is Pe = Upa/k = 0.08,

and the Schmidt number (Sc) is Sc = Pe/Re = 1.
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A schematic of our system is given in Fig. 2.1, which shows a single swimmer near a
fluid-fluid interface. The deformable interfaces are initially planar and are located at
z = 0 and z = 32A. The distance between the center of mass of the swimmer and
the nearest interface is denoted by L. We choose L = 16A as the initial condition,
unless noted otherwise. In all simulations the initial separation is large enough that no
appreciable interfacial deformations are observed during the transient regime, before the
swimmer reaches its steady-state velocity. The orientation of an interface is given by
the vector Z, € denotes the swimmer’s polar axis which is taken to be parallel to the
body frame &’ axis, and © = V/|V/| denotes the swimmer’s direction of motion. Since
the initial velocity of the particle along the y axis is set to 0, the swimmer will move
only on the z-z plane. The orientation § = arcsin (2 - €) is defined as the angle between
the polar axis and the interface, whereas the angle for the direction of motion is defined

by ¢ = arcsin (2 - 0).

2.3.1 Motion near the interface

To examine the motions of microswimmers near an interface, we conduct a series of
simulations in which a swimmer approaches the interface with different angles of approach
0in€(0,7/2). As motions with the same initial angle magnitude |6i,| are equivalent under
a reflection symmetry we will focus on the case where 65, > 0. After the swimmer leaves

the interface, the outgoing angle is denoted by 6oyt.

To understand the trajectories realised in our work consider a swimmer that starts off
in fluid A and approaches the interface. Three distinct “collision” modes are observed
once the swimmer reaches the interface, namely, (i) “bouncing,” (ii) “sliding,” and (iii)
“penetrating” motions as illustrated in Fig. 2.2(a). In case (i), the swimmer bounces
back into fluid A, avoiding fluid B, after performing a significant rotation within the
interfacial domain and leaving the interface with 0, < 0. In case (ii), the swimmer

becomes trapped at the interface, swimming on the z-y plane with 6., ~ 0. Finally,
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Figure 2.2. (a) Graphical illustration of the three different swimming modes for a
swimmer after a single collision with the interface. (b) Diagram showing how these
modes depend on the initial incidence angle |6;,| and swimming type 3.
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Figure 2.3. Swimmer (8 = —2) trajectories showing repeated collisions with the

interfaces (dashed lines) for various initial angles 6;,. The swimmer position is shown
in units of the system height L, and width L, as it moves in z (vertical) and x
(horizontal) respectively.

in case (iii), the swimmer passes through the interfacial barrier, swimming into fluid B
with 6yt > 0. See the movies in the supplemental material for animations of typical

bouncing, sliding, and penetrating motion [60].

We conducted simulations with various initial angles 6;, and swimming parameters /3 to
construct a phase diagram for the three types of motions (i)—(iii), as shown in Fig. 2.2(b).
For weak swimmers, whereas the swimming strength and swimmer type play a role, the
dominant factor determining the nature of the motion at the interface is the initial
angle. Generally, if |6;,| is small, the swimmer will bounce back from the interface (i).
If |0in] is large, the swimmer will swim across the interface (iii). For strong swimmers,
pushers prefer to slide on the interface with their swimming orientation aligned with the

boundary (ii), whereas pullers are more inclined to cross the interface (iii).

We also performed long-time simulations to study repeated collisions with interfaces.
The particle orientation is allowed to evolve under these repeated collisions. Due to the
periodic boundaries, the approaching/departing process is repeated with the swimmer

colliding with the interface at an incoming angle 6;, equal to the outgoing angle 6yt
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Figure 2.4. Changes in the orientation angle 8 for swimmers with various /3 values:
(a) 5=0; (b) f==£1; (c) B ==42; (d) B ==3; (e) § = £4. Filled circles represent
pushers, whereas empty circles represent pullers. Black indicates the crossing motion,
and red indicates the bouncing motion. Blue represents the special case in which the
swimmer ultimately swims along the interface. (f) The final fixed angles 6* as a
function of pushers’ swimming strength 3.

of the previous collision. In the case of a pusher, a stable state of periodic back-and-

forth motion between two interfaces is observed, as shown in Fig. 2.3. The steady-state

motion is the same for all 8 = —2 pushers, regardless of the initial angle. For a puller,

the magnitude of angle 8 increases during each pass, and finally, the swimmer reaches a

steady state moving perpendicular to the interface. Thus, we consider that the swimmer

type has a strong effect on the dynamics near fluid-fluid interfaces.

2.3.

2 Swimmer types

We consider the swimmer dynamics as a function of 5. Based on our simulation results,

we obtain a map f relating the initial angle 8;, to the outgoing angle 6, as presented

in Fig. 2.4. To interpret this diagram for the case of multiple encounters, the @,y

achieved after one encounter should be read in as 6;, for the subsequent encounter. The
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Figure 2.5. Quiver plot showing the time evolution of orientation angle 6 for
swimmers with various /8 values: (a) and (b) pushers with (a) 8 = =3, (b) § = —1; (¢)
neutral particle; (d) and (e) pullers with (d) 8 =1, (e) 8 = 3. Black and red lines
indicate crossing and bouncing-back motions, respectively, whereas blue lines are used
for swimmers that end up in the sliding motion, swimming parallel to the interface.
Yellow indicates the steady state for swimmers with non-zero .
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penetrating mode and the bouncing mode are represented in black and red, respectively.
For a neutral particle, orientation angle 6 shows no change after the swimmer leaves the

interface, regardless of its motion (bouncing or penetrating), as illustrated in Fig. 2.4(a).

Figure 2.4(b)- 2.4(e) further illustrates the differences between pushers and pullers with
the same | 3| values (1 < || < 4). Open symbols represent pullers, whereas filled symbols
represent pushers. From these graphs, we can observe that the maps for swimmers with
opposite values of 5 are nearly symmetric about the diagonal 0,z = 6in, especially for the
penetrating motion of weak swimmers (i.e., § = £1). In other words, these maps are the
inverse functions of each other. In general, swimmers with large initial angles, marked
in black, swim across the interface. On the other hand, swimmers with small initial
angles, marked in red, bounce back from the interface. However, the threshold angle
that divides the bouncing and penetrating behaviors is different for different swimmers
and depends on the § value. Even if pushers and pullers start from the same initial angle
0in and exhibit the same swimming mode (penetrating or bouncing), their orientation
angles will change in different ways. This is most easily seen from the penetrating
trajectories of pullers and pushers, with the orientation angle increasing for the former
(Oout > 0in) and decreasing for the latter (fout < 6in). For pullers (8 > 0), only two
types of motion, penetrating and bouncing motion, are observed. For pushers (8 < 0),
an additional “sliding” state is observed for § < —3, marked in blue. The swimmers
are trapped by the interface, swimming along it, even though their orientations are not

completely aligned with the interface (i.e. oyt is not necessarily zero).

Figure 2.5 shows how orientation angle 6 changes as a function of the distance from the
nearest interface. Taking L = 0 as the dividing point of penetrating motion, and § = 0 as
the dividing point for bouncing motion, we can decompose a complete interaction with
the interface into two parts, corresponding to the approaching and departing processes.
We note that these two processes show a clear symmetry about the interface (L = 0) for

the neutral swimmers (c) trajectories, which is not observed for pushers (a-b) or pullers
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Figure 2.6. Three types of stable states for swimmers: (i) A puller eventually swims
perpendicular to the interface; (ii) a weak pusher eventually bounces back and forth
between two interfaces with a certain angle whereas remaining in one of the fluid
domains; (iii) a strong pusher eventually slides on the interface.

(d-e). Furthermore, for the case of pushers, the outgoing angle approaches a fixed
value with the swimmers reaching a steady state in which they bounce back and forth

periodically at this particular angle 0oy = —6i, = 6* [marked in yellow in Fig. 2.5(b)].

We note that the swimming strength also contributes to the hydrodynamic interactions
near the interface. In particular, the change in orientation after crossing the boundary
will be more pronounced for stronger swimmers. Thus, strong pullers will more quickly
reach the stable state in which they swim perpendicular to the interface. For pushers
for which the outgoing angle decreases, this can give rise to a sliding motion. The
corresponding trajectories are marked in blue in Fig. 2.5(a). In such a case, the pusher
can move along the interface, with half of its body in fluid A and the other half in
fluid B. This motion is reminiscent of the equatorial anchoring of Janus particles at
an oil-water interface [61]. However, the former is due to the symmetry of the fluid
system about the interface, whereas the latter is due to the symmetrical structure of the
amphiphilic particles. Additionally, according to Fig. 2.2(b), the range of initial angles
that can lead to this sliding motion increases as the swimming strength of the pusher

increases.

We now consider the formation of different final stable states. Due to the symmetry
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considered in this chapter, i.e., alternating fluid layers with identical properties for the
two fluids, the swimmer trajectories show convergence after several interfacial interactions.
We conduct a series of simulations in the bouncing regime for different initial orientations
0o, allowing the swimmer to collide with the interface several times. The orientation
angle changes after each collision, approaching a steady-state value. Three distinct
states are observed (see Fig. 2.6): (i) swimming perpendicular to the interface, (ii)
bouncing back and forth at a fixed angle 6*, or (iii) sliding on the interface. Multiple
collisions can be considered as multiple iterations of the mapping f (i, — out), which

represents the change in angle after a single collision with an interface (Fig. 2.4). After

m

o, which will be the incidence angle

the mth collision, the swimmer has an orientation 6
for the next (m + 1) collision, such that 6"+ = ¢7 . Figure 2.7 shows the changes in
the swimmer orientation (5 = £1) after a sequence of m = 6 consecutive collisions.
According to Fig. 2.7(a), the terminal angle of a weak puller will eventually converge
to either 7/2 or —m/2, regardless of the initial angle, marked yellow in Figs. 2.5(d)
and 2.5(e). That is, after it has repeated the process of approaching an interface several
times, a puller will eventually swim (i) perpendicular to the interface as shown in Fig. 2.6.

A movie showing these repeated collisions and the resulting perpendicular alignment is

given in the supplemental material [60].

For initial angles other than the boundary cases of § = +7/2, the terminal angle for a
pusher will eventually converge (after repeated interfacial collisions) to an intersection
point 6* that is located in the bouncing motion regime as shown in Fig. 2.7(b). That
is, pushers will always stabilize to a state in which they (ii) bounce back and forth at a
fixed angle 0*, as shown in Fig. 2.6. A movie showing these repeated collisions and the
resulting bouncing back motion is given in the supplemental material [60]. This fixed

angle 6* depends on the value of 3, as illustrated in Fig. 2.4(f).

In addition, for sufficiently strong pushers, (iii) sliding on the interface is also a possible

steady state, in which they are trapped at the interface without any displacement in the
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z axis and swim along it without any rotation [marked as yellow points in Fig. 2.5(a)],
as shown in Fig. 2.6. A movie showing this sliding motion is given in the supplemental

material.

2.4 Discussion

To the best of our knowledge, previous numerical studies of swimmer dynamics at
interfaces [57, 62] have usually considered only far-field hydrodynamics or nonpenetrable
surfaces. In this chapter we have considered a physical model in which swimmers interact
with a soft, deformable, and penetrable interface. As a result, novel dynamics can be
predicted and analyzed, such as the penetrating mode. In this mode, the swimmers pass

through the interface and swim into another fluid.

The work of Gidituri et al. is related to ours [63]. They investigate the reorientation
dynamics of spherical microswimmers trapped at fluid-fluid interfaces. A sinusoidal
dependence between the reorientation velocity Qr and angle 6 is proposed based on their
analytical arguments. Their simulation results are in agreement with this prediction,
QB) = Q () sin 20, where the prefactor Q () depends linearly on 5. To reproduce
their conclusions, we also analyze our simulation data when swimmers cross the interface.
As shown in the Supplemental Material, we are able to reproduce the sinusoidal dependence
between the reorientation velocity r and the orientation 6. In addition, we also
reproduce the linear dependence of the prefactor Qp on 8. As expected (due to pusher/puller
duality) for swimmers with opposite 3 values, these prefactors Q2 have the same magnitude
(opposite sign). Compared to the results of Gidituri et al. [63], the value we obtain for
the slope of this prefactor is slightly decreased, but shows good quantitative agreement
(within error bars). This difference is reasonable, considering the fact that our particle
is not fixed to the interface, the interface is deforming, we introduce a smooth profile to
represent the particles, and we use a discretized spatial domain to numerically solve for

the equations of motion.
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Although the literature for bacteria swimming near fluid interfaces is less developed,
the mode in which the swimmer slides on the interface has previously been reported
by Deng et al. [64], who observed that Pseudomonas aeruginosa adsorbed onto an oil-
water interface. This sliding motion was also studied by means of a general multipole-
expansion-based singularity model for swimming microorganisms [65]. Both pushers and
pullers were predicted to accumulate at an oil-water interface, giving rise to large density
inhomogeneities in many-particle systems. Highly organized movements with remarkable
large-scale patterns (i.e., networks, complex vortices, or swarms), which result from the
collective dynamics of microswimmers, are observed [4, 66]. In the present work we
analyze only a single swimmer. This might help to explain why we predict instead that
only strong pushers can be trapped by an interface. The work of Li and Ardekani [54] is
probably the closest to ours, although they studied the motion of microswimmers near
a solid wall. They found that a swimmer that was initially oriented toward the wall can
escape (bounce back) if the strength of its squirming is sufficiently weak. However, they
also reported another swimming mode in which very strong swimmers (|| > 7) were
observed to repeatedly bounce at the wall, which we do not observe in our simulations of
a soft interface, although a hard/non-penetrable interface is, of course, accessible within

our methodology.

2.5 Conclusions

In this chapter we analyze the dynamics of microswimmers in a binary fluid system.
Our simulations are based on the SP method and the squirmer model. This allows
accurate and efficient analysis of the dynamics near deformable fluid-fluid interfaces.
Three qualitatively distinct dynamical modes emerge for swimmers approaching an
interface, (i) penetrating, (ii) sliding, and (iii) bouncing. The dynamical properties
depend on the swimmer type, the swimming strength, and the initial angle of approach.

For a puller, the orientation angle is predicted to increase after the swimmer interacts
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with the interface. This will eventually reach £7/2 after repeated interfacial collisions,
after which the puller will swim perpendicular to the interface. For a pusher the
orientation angle instead approaches a fixed oblique angle 6*, which can be increasing
or decreasing, depending on whether the initial orientation was smaller or greater than
this angle, respectively. As a consequence of this, we observe that most pushers will
eventually exhibit a steady-state mode in which they bounce between two interfaces
along trajectories inclined at angle 6*. This steady-state angle 6* is related to the
swimmer type. For the case of a strong pusher, swimming parallel to the interface

emerges as another possible dynamical mode.

Our results provide a detailed analysis of the hydrodynamic interactions of microswimmers
with a deformable fluid-fluid interface. This improves our understanding of microswimmer
motion in environments involving soft interfaces, having some similarities with those
found in biology. Our work may also have some relevance in the context of bioengineering
applications. For example, we could also incorporate additional features into our model,
such as nutrient chemotaxis. This represents an interesting aspect to be examined in

future investigations.

2.6 Appendix

2.6.1 Inertial effects

All the simulations discussed above were conducted for a fixed Re (relative swimmer
speed normalized with a momentum transport rate), a fixed Pe (relative swimmer speed
normalized with a ¥ transport rate), and a fixed Sc (relative momentum transport rate
normalized with a v transport rate), which are set to Re = 0.08, Pe = 0.08, and Sc = 1,
respectively, meaning that inertial effects are expected to be negligible. To examine
the contribution of inertial effects to the swimmer dynamics, we also conducted some

additional simulations for different values of Re and Pe. Figure 2.8 shows the variation
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Figure 2.8. Variation in orientation angle 6 with different Res. Black lines, red lines,
and blue lines are used for the cases with Re = 0.8, 0.08, and 0.008, respectively.

in the orientation angle with the distance of the swimmer from the interface. The
parameters used are the same as those in Fig. 2.5(f), except for the values of Uy. We
compare three cases of pushers with Re = Pe = 0.008, 0.08, and 0.8 in Fig. 2.8 where it
is seen that the three trajectories perfectly collapse on each other. This result indicates
that the inertial effects are negligible in our present simulations. Although the effect of
Sc is not considered in the present work, it is also likely to contribute to the swimmer’s
dynamics as it approaches the interface. The exact mechanisms for this will require

further investigation.
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2.6.2 Software

All simulations presented in this chapter were conducted using the open-source version
of the KAPSEL DNS software. KAPSEL has been developed in our laboratory to simulate
the dynamics of solid particles dispersed in complex fluids. Detailed descriptions of

KAPSEL are available online [67].

2.7 Supplemental Information

2.7.1 Supplementary movies

See Supplemental Material at https://1link.aps.org/doi/10.1103/PhysRevResearch.

4.043202 for the simulation movies.

Supplementary Movie 1

Movie of a puller-type swimmer with 5 = 3 at an orientation angle of § = 7/3, where

the swimmer penetrates through the fluid-fluid interface.

Supplementary Movie 2

Movie of a pusher-type swimmer with § = —4 at an orientation angle of § = /3, where

the swimmer slides on the fluid-fluid interface.

Supplementary Movie 3

Movie of a weak pusher-type swimmer with 5 = —2 at an orientation angle of § = 7/3,

where the swimmer bounces back from the fluid-fluid interface.

34


https://link.aps.org/doi/10.1103/PhysRevResearch.4.043202
https://link.aps.org/doi/10.1103/PhysRevResearch.4.043202

Supplementary Movie 4

Identical to Supplementary Movie 1 but from a longer-term simulation. The swimmer
reaches a steady state in which it repeatedly penetrates through the fluid-fluid interface

[see Fig. 2.7(a)].

Supplementary Movie 5

Identical to Supplementary Movie 3 but from a longer-term simulation. The swimmer
reaches a steady state in which it repeatedly bounces back from two adjacent fluid-fluid

interfaces [see Fig. 2.7(b)].

2.7.2 Comparison with Gidituri et al.’s results

The present work is closely related to the work of Gidituri et al.. [63], in which they
investigate the reorientation dynamics of spherical microswimmers trapped at fluid-fluid
interfaces. The models they have used are the same as ours, although the numerical
methods are different (notably, they use the Lattice-Boltzmann method to solve for
the hydrodynamics). Focusing on this simpler case of a particle trapped at the interface
(removing the translational degrees of freedom), allows for some analytical arguments to
be made. For viscosity-matched fluids (the case we are interested in), only the By term
will contribute to the reorientation of the squirmer at the interface (they also neglect

the higher order modes, B),>3 = 0). This contribution can be modelled as a force-dipole

fi =£fod(r F aé) (2.17)

where é the swimming axis, § the Dirac delta function, and By = foa/2mnR?. The

torque due to the rotation of this force-dipole (in the Stokes limit, and assuming a flat
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interface), is given by

T = 4mnR?*é - n(n x &) = 2mnR*sin 207 (2.18)

with 7 a unit vector perpendicular to the plane spanned by e and the interface normal
n, and 0 the angle between é and n. Thus, this predicts an angular velocity of the form
Qp o sin 26. The simulation results presented by Gidituri et al. are in agreement with

this prediction, Q(5) = Q () sin 20, where the pre-factor Q () depends linearly on .

In our work, although we consider the full swimmer dynamics and the “collisions” with
the deformable interface (our particles are not trapped at the interface), we can still
expect good agreement with these predictions (for small deformations and low-Reynolds
number). To check this, we have taken our simulation data for the torque and angular
velocity of the swimmer as it crosses the interface. As shown in Fig. 2.9(a), we are
able to reproduce the sinusoidal dependence between the reorientation velocity 2 and
the orientation 6. While we obtain a good overall agreement, there is considerable
scattering of our measured data points around the expected sinusoidal behaviour. There
are several factors that contribute to this deviation. First, our system is not exactly
the same as that of Gidituri et al. Since we are investigating the particle-interface
collision dynamics, our particles are allowed to translate relative to the interface, in
turn giving rise to non-zero interfacial deformations. While these deformations are
small, there is a clear correlation between their amplitude and the deviations in the
angular velocity [see Fig. 2.9(c)]. Second, is the fact that the particle positions used
to obtain this data do not correspond exactly to the position of the interface, just the
position at the closest approach, due to the discrete time-integration method that has
been employed. Third, is the use of the smoothed interface and the spatial discretization
of the underlying equations of motion, which results in a variation in the resolution of
the particle volume/surface as it moves across the numerical grid. In addition, we

also reproduce the linear dependence of the prefactor Q2 on (3, as seen in Fig. 2.9(b).
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Figure 2.9. (a)The measured angular velocity Qr as a function of the orientation 6
with various § values; (b)the coefficient Qp/sin 26 as a function of the force dipole
strength By. The error bars are estimated from the fluctuations around

Qp — Ag sin(26). (c) The error in the angular velocity Qgsimuiation — 2rit as a
function of the displacement of the interface.

As expected (due to pusher/puller duality), for swimmers with opposite § values these
prefactors Q2 have the same magnitude (opposite sign). Compared to Gidituri’s results,
the value we obtain for the slope of this prefactor is slightly decreased, but shows
good quantitative agreement (within error bars). We consider these differences to
be reasonable, considering the previously mentioned differences in the setup and the

approximations used by our numerical methods.
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Chapter 3

Dynamics of microswimmers near
a liquid-liquid interface with

viscosity difference

3.1 Introduction

Across the natural world, it is common for microswimmers to navigate through complex
fluid environments, e.g., spermatozoa in seminal plasma and cervical mucus [68-70].
Trans-membrane transport of bacteria and viruses is also a key stage in infection [71].
Therefore, research into the dynamics of swimmers in such environments is of vital
importance to understand many biological transport processes, as well as for the development
of potential future artificial micro-machines, which could be used for targeted delivery

in complex fluid environments [48, 49, 72-74].

Most studies on the dynamics of microswimmers in complex multi-phase systems have
focused on swimming in the vicinity of boundaries, mainly solid-fluid boundaries [53, 54,

56, 57, 75-79] and fluid-air interfaces [57, 80]. For example, Lauga et al. [78] observed
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that E. coli was shown to exhibit a clockwise circular swimming motion near a solid-
fluid boundary, whereas Leonardo et al. [80] reported a counterclockwise rotation near
a free surface, such as the fluid-air interface. In both cases, this circular motion can be

explained as arising from the hydrodynamic interactions.

However, few theoretical studies have attempted to construct a general hydrodynamic
description of microswimmers near (complex) fluid-fluid interfaces [63, 81-83]. This
may be due to the high computational costs associated with treating deformable and
penetrable boundaries. Of particular (biological) importance is the case where fluids
have mismatched viscosities. This can dramatically affect the swimmer dynamics. For
example, spermatozoa exhibit very different tail waveforms, depending on the viscosity of
the fluid [68, 84]. Sperm in low viscosity medium has a significant side-to-side movement
across the directional axis. However, in high-viscosity fluids, e.g., mucus, such head yaw
is reduced by using a distinct “meandering” waveform with less lateral movement across
the directional axis. In this way, the spermatozoa are able to swim with approximately
the same velocity in either fluid, saline or mucus, despite the large viscosity difference

between the two.

Previously, we have studied the dynamics of microswimmers near a soft, deformable and
penetrable interface in an isoviscous system[85]. In this chapter, we extend our work
to consider the dynamics of swimmers near the interface of two fluids with mismatched
viscosities. First, we review the computational model we have used, and detail how
it is extended to take the variable viscosity into account. Then, we analyse the effect
of the viscosity on the motion of the swimmer in the low Reynolds-number regime.
As we previously found for the isoviscous case, different initial trajectories can lead to
motions that we characterise as “bouncing”, “sliding”, and “penetrating”. In addition to
these modes, we also observe a new dynamical “hovering” mode, in which the swimmer
tends to move parallel to the interface, at a fixed (non-zero) distance. By analysing the

trajectories and time evolution of orientations, several symmetric pairs for bouncing or
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penetrating motions are found which indicates the pushers/pullers duality. Compared
to the isoviscous case, we find that a viscosity difference can significantly affect the
dynamics during the collision with the interface, i.e., the relationship between incoming
and outgoing angles. Finally, we provide an analysis of the dynamics of microswimmers
in the hovering motion. Interestingly, both the trajectories and time evolution of angles,
including their orientations and directions of motions, are highly similar to that of

microswimmers near a solid wall.

3.2 Simulation Methods

3.2.1 The squirmer model

We model swimmers as spherical squirmers, one of the most widely employed mathematical
models for microswimmers[32, 50]. Thus, swimmers are represented as rigid spherical
particles, with a modified stick boundary condition at their surface. To simplify the
description, we only consider the tangential components of the surface velocity, ignoring
both azimuthal and radial contributions, which is the usual approximation[34, 35]. The

surface velocity is given as

— 2 : A
S = 7Bnp i '1
u® () El TP > (cos ) sin 99, (3.1)

where ¥ = cos™!(# - €) is the polar angle between the swimming direction é and #, a
unit vector directed from the centre of the squirmer toward the corresponding point on
its surface and 9 is the unit vector orthogonal to 7. P,; is the derivative of the Legendre

polynomial of the nth order, and B, is the magnitude of each mode.

Only the first two modes in Eq. (3.1) are retained,

~

u®(9¥) = Bi(sind + gsin 29)9, (3.2)
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The coefficient of the first term in Eq. (3.2), By, determines the steady-state swimming
velocity of the squirmer Uy = 2/3B;. The coefficient of the second mode, Ba, determines
the stress exerted by the particles on the fluid. The ratio § = By/B; determines the
swimming type and strength. When § is negative, the squirmer is a pusher, which
swims generating an extensile flow field (e.g., E. coli); when 3 is positive, the squirmer
is a puller, which swims generating a contractile flow field (e.g., C. reinhardtii). The
marginal case of 8 = 0 corresponds to a neutral particle, which is accompanied by a
potential flow (e.g., Volvoz). In what follows, we will refer to squirmers with |3 < 1 as

being weak, and those with |3| > 4 as being strong.

3.2.2 Smoothed profile method for binary fluids

To simulate the dynamics of particles dispersed in an immiscible binary A/B fluid
system, while fully accounting for the hydrodynamic interactions, we consider the coupled
equations of motion for the solid particles and the component fluids within the model-
H representation, i.e., the Newton-Euler and Cahn-Hilliard Navier-Stokes equations
[44, 45]. Furthermore, to allow for efficient calculations of many-particle systems, while
still providing an accurate description of the many-body hydrodynamic interactions,
we employ the Smooth Profile (SP) method [36]. Within this approximation, sharp
particle boundaries are replaced by diffuse interfaces of finite thickness. The solid
particle domains are thus defined using a continuous order parameter or phase field
¢ over the whole computational domain. The A/B fluid phases are likewise defined in
terms of the corresponding A/B order parameters 14 and 1 p. This allows us to easily
couple the rigid-body dynamics to the dynamics of the (phase-separating) fluids. In
what follows we briefly describe how to solve for the (coupled) rigid-body dynamics,
phase-separating dynamics, and fluid dynamics. Detailed descriptions of the SP method

and its implementation can be found in our earlier publications.[36, 38-40]
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3.2.2.1 Particle dynamics

The rigid particle dynamics are determined by Newton-Euler equations of motion:

R, =V, (3.3)

Q; = skew() - Q;, (3.4)
M;V; = F' + F¥ + Ff™, (3.5)
I Q= NI + N&t (3.6)

where R;, Q;, V;, €; are the positions, orientation matrices, velocities, and angular
velocities of particle i, respectively. M; is the masses, and I; = 2/5M;a;? is moments of
inertia for sphere particle ¢ with radius a;. skew(€2;) is the skew-symmetric matrix for
the angular velocity. The hydrodynamic forces and torques are given by EH and NZH .
F€ represents direct particle-particle interactions (NC = 0), and Ff** and N are

the external forces and torques, respectively.

Within the SP method, the particle domain is accounted for by an order parameter ¢(r),

which can be interpreted as the volume fraction of the solid component in the system

o(r) = Z¢i<r), (3.7)

where ¢; is the phase-field for particle . This particle phase field is defined such that
it is equal to 1 in the solid domain, 0 in the fluid domain, and smoothly interpolates
between the two domains across the interfaces (of width &,). In this way, the boundaries
can be represented through the gradient of the phase field. We can then define the

velocity field for the particle domain as

u, = ;Z bi[Vi + Qi x Ry]. (3.8)
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3.2.2.2 Phase-separating dynamics

The order parameters for the A and B phases, 14(r) and ¥ p(r), represent the volume
fractions of the constituent components ( 0 < ¥, < 1). Furthermore, since the sum
total of the volume fraction of all components (fluids and particles) is constrained to be
unity,

Ya+Yp+o=1, (3.9)

the composition of the A/B phase-separating fluid can be described in terms of a single

order parameter ¥ (r),

Y =1va—Yp. (3.10)

This order parameter ¢ (r) is defined to be is equal to 1 in the A domain and —1 in the

B domain.

The dynamics for ¢ (r) is determined by the following modified Cahn-Hilliard equation,

%Zf + (u- V) = kV 1y, (3.11)

where u is the total velocity field, ~ is the mobility coefficient, and py, = 6F /09 is
the chemical potential associated with the order parameter . In what follows we will
also need to account for the fluid-particle interactions using a second chemical potential
associated with the ¢ order parameter, puy = 6F/d¢. These chemical potentials are

derived from the Ginzburg-Landau free energy function,

Flo.ol = [ ar [£6)+ 5 (V0P + ugu(Voy (312

The first term in the integrand of Eq. (3.12), f(v) = iw‘l — %wQ represents the Landau
double-well potential, with two minima at vy = 1 and —1. The second term is the
potential energy associated with the fluid A/B interface, the third term represents the

particles’ affinity for each of the fluid A/B phases. The chemical potentials corresponding
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to this free-energy function are then

py = f' () + aVZ + wép (Vo) (3.13)

s = 206, (Vih - Vo + V20). (3.14)

In what follows we assume that the particles will interact with the interface hydrodynamically

but not chemically and so we set w = 0 in all simulations reported below.

3.2.2.3 Fluid dynamics

The total velocity, which accounts for both fluid and particle domains, is defined as

u=(1- d)us+du,, (3.15)

where the first term gives the fluid velocity field and the second term the particle velocity
field. Then, the time evolution of this total flow field w is given by a modified version

of the Navier-Stokes and continuity equations,

PO+ u-V)u=V -0+ p(¢fp+ fsq) = VViy — 6V, (3.16)

V.u=0 (3.17)

where o is the Newtonian stress tensor, defined in terms of the total fluid velocity as

o= —pl+n[Vu+ (Vu)’] (3.18)

where | is the unit tensor and 7 is the spatially varying viscosity. The term ¢ f,, appearing
on the right-hand side of Eq. (3.16) is the body force required to satisfy the rigidity
constraint of the particles, the term ¢ fs, is the force needed to enforce the “squirming”
boundary condition at their surface of the swimmers (Eq. (3.2)), and final two terms
come from the binary-fluid nature of the host fluid.
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In the present study, to keep the system as simple as possible, we assume that fluids
A and B are strongly immiscible, but otherwise possess identical physical properties,
except for their viscosities. Let n4 and np represent the viscosity of fluids A and B,
respectively, and 7, the viscosity of the particle domains. The total phase-dependent

viscosity n(r) is defined as

n(r) = nava(r) + npyp(r) + npo(r) (3.19)

= na (Ya(r) + Mpp(r)) + npo(r),

where A = np/n4 is the fluid viscosity ratio.

3.3 Results

In this study, we conducted three-dimensional direct numerical simulations (DNS) of
a single particle near an A/B fluid-fluid interface. In all cases, we use a rectangular
simulation box of dimensions (l,1y,1.) = (32A,32A,64A), where A is the grid spacing
and the unit of length. Periodic boundary conditions are established in all directions.
The radius of the squirmer is set to a = 4A. The parameter By in Eq. (3.2) is set to
0.015, corresponding to a single-particle steady-state velocity of Uy = 2/3B; = 0.01.
The mobility £ (Eq. (3.11)), and the mass densities for both fluids and particles p =
pAa = pB = pp are all set to 1. We set the viscosity of the particle and fluid A to be equal
to unity, 7, = n4 = 1, and vary the viscosity of fluid B in the range 1/10 < np < 10.
Then the particle Reynolds number Re = pUpa/n is 0.08 in fluid A, while in fluid B it is
from 0.008 to 0.8. The fluid-fluid interface thickness {; is of order unity with the present
choice of parameter o = 1 in Eq. (3.12), and the particle-fluid interface thickness &, is

set to 2.

A schematic representation of our system is given in Fig. 3.1, which shows a single

swimmer near a fluid-fluid interface. The system is initialized to be phase separated
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Fluid B
Mg

Fluid A

Figure 3.1. Schematic representation of a single swimmer near an A/B fluid-fluid
interface normal to 2. The angles 6§ and ¢ are here the angles between the squirming
axis and the interface, and the direction of motion and the interface, respectively.

along the z direction. The swimmer is initially located in Fluid A (the host fluid).
The distance between the centre of mass of the swimmer and the interface is L, with
Li—g = —16A unless noted otherwise. This initial distance from the interface is large
enough to allow the particle to attain its steady-state velocity before any appreciable
particle/interface interactions are observed. The orientation of the interface is specified
by its normal vector, 2, that of the swimmer’s motion by its normalized velocity vector
© = V' /|V|, which need not correspond to its squirming axis é. The initial orientation
of the particle is fixed to lie in the x-z plane, which will constrain its motion to this
plane (i.e., V;, = 0). The = component of the position is R,. The orientation angle
6 = arcsin (2 - €) is defined as the angle between the squirming axis and the interface,

while the direction of motion is defined by ¢ = arcsin (2 - ).
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Figure 3.2. (a) Graphical illustration of the four collision modes of a swimmer with

an interface. Black arrows indicate the swimmer’s direction of motion, yellow arrows

the swimmer’s orientation; (b)—(f) Diagram showing how these modes depend on the

initial incidence angle 6, and swimmer type (8 for various viscosity ratios (b) A = 0.1,

() A=0.2,(d) A=1, () A=5, and (f)A = 10.
To understand the dynamics of a swimmer near an interface for fluids with mismatched
viscosities, we conduct a series of simulations in which the swimmer is initially in host
fluid A, approaches the interface at an incoming angle 6;,, and exits this “collision”
with an outgoing angle 6,,t. Given the geometry of our setup, we can focus only on
collisions with 6, > 0 (i.e., the swimmer collides with the lower interface), as those
for 0, < 0 are equivalent due to the reflection symmetry. We consider various initial
angles 6;, and swimming parameters 3, together with a variety of different viscosity
ratios A = 0.1, 0.2, 1, 5, and 10, in order to construct a phase diagram for the four
distinct dynamical modes that result: (i)“penetrating”, (ii)“sliding”, (iii)“bouncing”
and (iv)“hovering”, as illustrated in Fig. 3.2(a). The first three of these modes are also
observed in the case of isoviscous fluids (A = 1), as reported in our previous work[85].
In case (i), the swimmer approaches the interface and exhibits a significant rotation

within the interfacial domain, bouncing back into the host fluid A and avoiding fluid B,

leaving the interface with 6oy < 0. In case (ii), the swimmer becomes trapped at the
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interface, swimming in the z-y plane with 6., = 0. In case (iii), the swimmer crosses
the interfacial region separating the fluids, swimming into fluid B with 05, > 0. In
case (iv), which is only observed for A # 0, the swimmer direction of motion shows
characteristic oscillations as it approaches and turns away from the interface, before
eventually swimming parallel to the interface (6,,s = 0) at a fixed distance greater than
the particle radius |L| > a. Unlike for the bouncing motion, where the swimmer is
able to reorient and swim away from the interface with 6 < 0, in the hovering motion
the swimmer exhibits a partial reorientation to smaller angles, but it is always pointing
towards the interface # > 0. At the steady state, the self-propulsion will balance with
the hydrodynamic interactions with the interface, allowing the swimmer to propel itself
parallel to the interface, even though the orientation of the swimmer is not aligned with

the interface. Our results are summarized in the phase diagram of Fig. 3.2(b)—(f).

In our previous work on isoviscous systems, we have investigated how the collision
dynamics depend on the angle of approach 6;, and the swimming mode . For weak
swimmers, we observed either penetrating or bouncing motion, depending on the initial
orientation: penetration (bouncing) for large (small) angle magnitudes. The bouncing
motion is more prevalent for pushers (8 < 0) than pullers (8 > 0), with the latter able to
penetrate the interface at smaller angles. Strong pushers usually slide on the interface.
The main role of the swimming mode § is to shift the boundary between penetrating

and bouncing domains. These results are summarized in Fig. 3.2(d).

In the case of mismatched viscosities, the focus of the current work, we found that the
viscosity ratio A has a significant effect on the swimmer’s motion, as can be seen in
Fig. 3.2. For viscosity ratios less than unity A < 1, corresponding to swimmers starting
in the high viscosity fluid, the bouncing mode is never observed, rather the penetrating
mode dominates for all but the strongest pushers. For such strong pushers, the sliding
state can also be observed at small to moderate incoming angles. Figure 3.2(b) and

(c) show the results for A = 0.1 and 0.2. For viscosity ratios larger than unity A > 1,
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Figure 3.3. Changes in the orientation angle 6 for different viscosity ratios (a)—(c)
A=0.2; (d)-(f) A=1; (g)—(1) A =5 with swimmers with various swimming types
B8 =—2,0 and 2 after a single collision with the interface. This corresponds to a
one-to-one mapping from 6, to Goyt.

corresponding to a swimmer starting in the lower viscosity fluid, the bouncing mode

dominates. Thus, we infer that the viscosity gradient will tend to propel swimmers

towards regions of low viscosity and, the swimmers will exhibit a form of viscotaxis,

with a preference for the low-viscosity fluid. Finally, for strong pullers at small initial

angles, a new dynamical “hovering” mode emerges, while strong pushers still exhibit

sliding motion. These results are summarized in Fig. 3.2(e) and (f), for A = 5 and 10.

We further investigate the effect of the viscosity ratio A on the swimmer’s collision

dynamics, by computing the map f relating the initial angle 6;, to the outgoing angle

Oout, after a single collision with the interface. These collision maps are presented in

Fig. 3.3, for § = —2,0,2 swimmers and viscosity ratios A\ = 0.2,1,5. Except for the
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Figure 3.4. (a) Collisions maps, providing the change in the orientation angle 6 for a

puller (8 =2) at A =5 and a pusher (8 = —2) at A = 1/5, marked by empty and

filled circles, respectively. The black symbols represent the penetrating motion, red

symbols the bouncing motion. (b) The particle trajectory and (c¢) the time evolution

of the orientation angle 6, for swimmers initially located at L;—y = —4a. The pusher

with 8 = —2, 6, = 7w /18, and A = 5 is marked in black, while the puller with g = 2,

Oin = 117/36, and A = 1/5 is marked in red.
bouncing motion of the neutral particles, which is absent for A = 0.2 and extends over
a wider range of incoming angles for A = 5, the maps for \ # 1 exhibit clear deviations
compared to the isoviscous results (A = 1). To illustrate this, consider the effect of A
on the collision dynamics of pushers (5 = —2). Compared with the isoviscous system,
shown in Fig. 3.3(d), the threshold angle |0.| dividing the bouncing and penetrating
behaviours shifts to larger values when the swimmer is initially in the low-viscosity fluid
(i.e., A = 5), as shown in Fig. 3.3(g). Furthermore, the outgoing angle o, for the
penetrating/bouncing motion shows an overall decrease or increase depending on the
viscosity ratio. This effect is particularly obvious for the penetrating motion, where the
outgoing angle magnitude will be smaller than for the isoviscous case for the same initial

angle 6;,. The opposite trends are observed for swimmers initially located in the higher

viscosity fluid (A = 0.2), as shown in Fig. 3.3(a).

Similar to the isoviscous case, where the pusher/puller duality is evident in the symmetry
of the 60, — 0oyt map and the particle trajectories at equal swimming strength |3],
the results for mismatched viscosities also show a clear symmetry, despite the strong
influence of A on the motion of the swimmer near the interface. We first focus on

the penetrating motion, because this was the mode that most clearly evidenced this
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symmetry for A = 1. For a single penetrating process, the trajectories and angular
changes mirror each other. To illustrate this, we compare the map f : 0, — oyt for
swimmers with § = £2, as shown in Fig. 3.4(a). The mapping for the penetrating
motion f, is symmetric about diagonal 04y = 0;,. That is, the mapping for the pusher
is the inverse of the mapping for the corresponding puller, under an inversion of the
viscosity ratio, such that fyls—_or—1/5 = f, !|5=2.a=5. The threshold angle that divides
the bouncing and penetrating motion for the pusher 6. is equal to the maximum outgoing
angle for the puller. To illustrate this, we consider pushers (8 = —2) with 6;, = 77 /18
at A =5, and pullers (5 = 2) with 6;, = 117/36 at A = 0.2 as representative examples.
Both swimmers are initially set at L;—g = —4a. According to Fig. 3.4(b), the trajectory
of the puller (pusher) before it reaches the interface L/a < 0, is the same as the trajectory
of the pusher (puller) after it leaves the interface. As expected, this symmetry is also
evident in the evolution of the orientation angle, as shown in Fig. 3.4(c¢). This behaviour
is seen for all swimmer types. In summary, the penetrating motion for pushers (pullers)
at viscosity ratio A, is the inverse of the penetrating motion for pullers (pushers) at
viscosity ratio 1/A, such that fy|g ) = fp_1|_571/>\. When A = 1, we recover the results

of our previous work, fplga=1 = f, '|-g =1 [85].

15 10 5 0

n/4 puller (B=2, A=5)

o -5m/18

a2 ( i 5 10 15 20 0 50 100 150 200 250
Rylpyla t

—n/4 /6

pusher (p=-2, 1=5)

Figure 3.5. (a) Collision maps, providing the change in the orientation angle 6 for a
puller (8 = 2) and a pusher (8 = —2) at A = 5, marked by empty and filled circles
respectively; (b) the particle trajectory and (c) the time evolution of the orientation
angle 6 for swimmers initially located at L;—og = —4a. The pusher (5 = —2) with

0in = /6 is marked in black, while the puller (5 = 2) with 6;, = 57/18 is marked in
red.

We now consider the bouncing motion of pushers and pullers. In view of the observations
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Figure 3.6. (a) The particle trajectory and (b) the time evolution of the orientation
angle 6, for neutral particles (3 =0) at A =1, 5 and 10. All swimmers are initially
located at Li—g = —4a, with orientation 6;, = w/12.

that a wide variety of swimmer orientations will result in penetration of the interface
when the swimmers are moving into the low-viscosity fluid (A < 1) and that the pullers
tend to penetrate at A = 1, we will focus on A > 1. According to Fig. 3.5(a), the mapping
for the bouncing motion f;, of swimmers § = +2 at a high viscosity interface (A = 5)
is symmetric about the diagonal 0., = —6i,. Thus, the pusher/puller duality can be

BN = _fl;1|—/37>\' This can be seen by comparing the results obtained

expressed as fj
from simulations of a single bouncing process, i.e., a pusher (8 = —2) with 6;, = —7/6
and a puller (8 = 2) with 0, = —57/18, both under A = 5. The time-evolution of the
particle positions and orientations for this process are shown in Fig. 3.5(b) and 3.5(c).
The pusher/puller trajectories are mirror images of each other, resulting from the time
reversibility at a low Reynolds number. That is, the trajectory for the bouncing motion
of a pusher (puller) corresponds to the (time-reversed) bouncing motion of a puller

(pusher).

The bouncing motion for neutral particles, corresponding to the red curves in Fig. 3.3(e)
and 3.3(h), is particularly interesting in how insensitive it is to A, in contrast to

pushers/pullers. Even though the threshold angle 6. is seen to increase upon increasing
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A, the outgoing angle 6., is always equal in magnitude to the approaching angle 6y,
regardless of the viscosity ratio A\. This represents a special case of the bouncing map
obtained for pushers/pullers, fy|g\ = _fl;1|—/3,k’ with 8 = 0. In order to further
validate this observation, we conducted a series of simulations for neutral particles with
various fluid viscosity ratios A = 0.1, 0.2, and 1. The particles initially approach the

interface with 6;, = 7/12. The effect of the viscosity is evident in the distance of the

b

shortest approach to the interface |L? |, which decreases with decreasing A, as shown
in Fig. 3.6(a). This indicates that the particle is sensitive to the viscosity gradient, and
that a larger change in viscosity results in longer-range interactions, which allow the
particle to start its reorientation process to escape the interface earlier, as shown in

Fig. 3.6(b).

Finally, for strong pullers, we have observed a new “hovering” mode, different from
the penetrating, bouncing, or sliding motions. To study this motion, we conducted
simulations for puller with 5 = 4, at various approaching angles 6, = 7/9, 7/12, 7/18
and 7/36, with all particles initially located at L;—g = —4a. The swimmer approaches
the interface, initially turning towards it, while showing oscillations in its direction of
motion. The swimmer then partially turns away from the interface, with increased
oscillations in its orientation, before settling into the hovering motion, moving parallel
to the interface at a fixed distance [see Fig. 3.7(a)]. We note that the orientation of the
swimmer is not completely aligned with the interface. It is always pointing towards the
interface, with a positive throughout the entire process, as shown in Fig. 3.7(b). Taking
the dynamics of the puller (8 = 4), with initial angle 6;, = 7/9, for A = 10 as a reference
[see Fig. 3.7(c)], we can clearly see that the orientation of the swimmer and its direction
of motion are not parallel. In contrast to these pullers, strong pushers will show a sliding

motion, in which they are adsorbed to and swim along the interface [85].
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Figure 3.7. The new dynamical mode of “hovering motion results in particles
swimming in the low-viscosity fluid parallel to the interface without touching it. (a)
The particle trajectories are shown as well as (b) the time evolution of the orientation
angle 6 for pullers (8 = 4) at A = 10 for various approach orientations 6;,, with the
swimmers initially located at L;—o = —4a; (¢) Shows the time evolution for 6 (solid
line) and ¢ (dotted line), i.e., the orientation and direction of motion, respectively, for
a puller (8 =4) at A = 10, with 0;, = /9. (d) Graphical illustration of the swimming
state for a strong puller in a typical hovering motion.

3.4 Discussion

We have studied the effect of a viscosity ratio in binary phase-separated fluid mixtures
on the dynamics of swimmers near the interface. In order to rule out the possibility that
such dynamics are due to inertial effects, we also conducted simulations with a smaller
Reynolds number by decreasing the velocity of swimmers. The trajectories are the same

which indicates that the inertial effects are negligible in our present simulations.

we notice that swimmers show a preference towards the lower viscosity fluid. If one
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considers an ensemble of swimmers, with a variety of incidence angles, the effect of the
viscosity gradient will be to propel swimmers towards regions of low viscosity. This will
tend to result in an enrichment of swimmers in the low-viscosity fluid. This type of
viscotaxis is consistent with previous theoretical investigations on swimmers in viscosity
gradients [63, 86-89]. These studies showed that a squirmer in a weak viscosity gradient
will reorient in the direction of the lower viscosity region (negative viscotaxis), regardless
of the swimming mode. This effect has been confirmed in experiments, such as the puller-
like alga Chlamydomonas reinhardtii, which was observed to accumulate in low-viscosity

zones at sufficiently strong gradients. [90-94]

We observe a new mode of motion for strong pullers which we refer to as “hovering”.
This mode was not observed for swimmers in fluids of equal viscosity. A similar mode
has been reported in previous work that focused on pullers near a wall, rather than
a deformable fluid-fluid interface at finite A [54, 57, 75-77]. Although it is difficult to
make a direct comparison with our work, the dynamics previously reported for pullers
near rigid walls are similar to the hovering motion we observe. In both their work and
ours, strong pullers first exhibit oscillating motion before eventually swimming parallel
to the interface at a constant separation, maintaining an orientation tilted towards the
interface (i.e., the particle orientation is not aligned with the direction of motion). Some
understanding of this similarity can be obtained by noting that a solid wall can be
regarded as a fluid-fluid interface in the limit A — oco. Furthermore, for the hovering
motion, the swimmers remain in the host (low viscosity) fluid, with the distance of the
closest approach increasing as the viscosity ratio A increases. Thus, the interaction with
the interface can be expected to be well represented by the far-field approximations used

in previous studies [54].
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3.5 Conclusions

In this work, we have analyzed the dynamics of swimmers approaching a fluid-fluid
interface between phase-separated fluids with distinct viscosities. The viscosity ratio
A, together with the swimming mode 5 (pusher or puller), determine the outcome of
collisions of the swimmer with the interface. Such collisions are shown to give rise to
four distinct dynamic modes: bouncing, sliding, penetrating and hovering. Compared
with the results obtained for isoviscous systems A = 1, we observe that the swimmer
exhibits a preference towards the lower viscosity fluid (i.e., viscotaxis). This preference
should be understood in the sense that, for a wide distribution of contact angles, more
swimmers will transition into the low viscous environment than vice-versa. This means
that a typical swimmer, drawn from this distribution, that starts in a low viscosity
fluid is more likely to bounce back (reflect) at the interface, while a swimmer starting
in the high viscosity fluid is more likely to penetrate the interface and swim into the
lower viscosity fluid. Even though the outgoing angle 6,y for the penetrating/bouncing
motion is mainly determined by the swimming type [ and the initial angle 6;,, the
precise functional dependency depends on the viscosity ratio A. A duality between
pushers/pullers can be clearly seen in the trajectories for penetrating and bouncing
swimmers. In addition, we observed that strong pullers, initially located in the lower
viscosity fluid, can exhibit a new type of hovering motion, moving parallel to the interface

at a fixed distance |L|/a > 1, which is not observed for isoviscous systems.

Our study represents a detailed analysis of the role played by the viscosity ratio on
the dynamics of swimmers near an interface. This improves our understanding of
swimming in complex fluid environments and may help with the interpretation of similar
physiological and biological phenomena. Further developments of this work may allow a
numerical investigation of more complex interfacial structures, such as curved interfaces,

e.g., swimming near a spherical or tubular domain.
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3.6 Appendix

3.6.1 Software

All simulations presented in this chapter were conducted using the open-source version
of the KAPSEL DNS software. KAPSEL has been developed in our lab to simulate the
dynamics of solid particles dispersed in complex fluids. Detailed descriptions of KAPSEL

are available online [67].
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Chapter 4

Dynamics of a model
microswimmer near a liquid
droplet with a penetrable

interface

4.1 Introduction

Microorganisms in viscous fluids are known to swim in complex trajectories with the
presence of boundaries. For example, the circular motion, observed in experiments
with E. Coli, is that the microswimmers may swim in large circles clockwise when
they are near a solid-fluid boundary, and in circles of opposite handedness near an air-
fluid surface [78, 80]. Researchers believe that these near-surface phenomena are of
utmost importance and may lead to the formation and evolution of biofilms [95-97].
A depth understanding of microbial motion in varied environments can also be sought
by conducting experiments on artificial microswimmers, which provide greater control

over their swimming behaviour [98-101]. These artificial swimmers have indeed been
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used to study the intricacies of locomotion near the boundaries. Takagi et al. [102]
performed one such study on the locomotion of a Janus micro-rod in the vicinity of
inert colloidal particles. Their experiments revealed that the rod got trapped near the
surface of a colloid, and orbited around it for some time, before escaping and progressing
toward similar interactions with other colloids encountered in its path. This behaviour
was explained using lubrication theory and steric interactions. Later, several theoretical
analysis of a microswimmer near a colloid/drop has been reported [103-105]. However,
the vast majority of these mathematical models only consider far-field hydrodynamics,

while the near field is simplified by approximating the colloid/drop as a rigid sphere.

On the other hand, a physical model for binary fluid mixtures containing a penetrable
soft interface has been proposed in our previous work, which allows the numerical studies
to be no longer restricted to the far-field approximation [85]. These previous studies have
revealed that microswimmers can be strongly influenced by the interface; they may have
several distinct dynamical modes, such as penetrating, sliding, bouncing, and paralleling
motions, when they approach the planar interface. These dynamical modes depend on
the both swimmer’s properties, e.g., approaching angle, swimming type and etc., and

the fluid’s properties, such as viscosity ratio.

In this chapter, we aim to extend our research to the locomotion of microswimmers near
a drop that has a soft, deformable, penetrable but non-planar surface. A study of this
kind is particularly relevant to the phenomenon of biodegradation of oil drops by marine
bacteria in the event of an oil spill [106, 107]. For example, in the Deepwater Horizon
oil spill, it is well known that marine bacteria play an important role in the degradation
of the contents of the spill (both water soluble and insoluble) [108-111]. During this
degradation process, bacteria are retained in the oil droplets which act as a rich source
of carbon. A purely hydrodynamics-driven attraction of swimmers to oil drops hints at
an intriguing passive mechanism through which motile marine bacteria may forage for

nutrition amongst oil droplets. Towards this end, we aim to analyze the dynamics of a
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microswimmer in the vicinity of a drop and bring out the variation in the swimmer’s

and fluid’s properties.

This chapter is organized as follows. We first review our mathematical model, including
the governing equations of swimmer motion and fluid flow, and the binary fluid conditions
for a droplet. We then process to solve for the dynamics of the swimmer and define
the critical trapping radius in the case of the sliding motions. Finally, we perform a
comparative analysis to pinpoint the influence of swimming types and viscosity ratios.
In the end, we conclude by reiterating our results and discussing them with regard to

biodegradation.

4.2 Simulation Methods

4.2.1 The squirmer model

In this work, the squirmer model is used to describe the swimmers [32, 50]. Squirmers are
particles with modified stick boundary conditions at their surface which are responsible
for the self-propulsion. The general form is given as an infinite expansion of both radial
and tangential velocity components, but for simplicity, the azimuthal and radial terms
are usually neglected and the infinite sum is truncated to second order [34, 35]. For

spherical particles, the surface velocity is given as

~

u®(¥) = Bi(sind + gsin 29)9, (4.1)

where 9 is the tangential unit vectors for a given point at the surface of the particle.

L# . é is the polar angle between radial unit vectors # and the squirming

¥ = cos”
direction é. The coefficient of the first term in Eq. (4.1), Bj, determines the steady-

state swimming velocity of the squirmer Uy = 2/3B;. The coefficient of the second

mode, Bs, determines the stress exerted by the particles on the fluid. The ratio of the
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first two modes 8 = By/Bj determines the type and strength of the swimming. When 3
is negative, the squirmer is a pusher, which swims generating an extensile flow field, and
when S is positive, the squirmer is a puller, which swims generating a contractile flow
field. For the case when 5 = 0, we refer to the swimmer as a neutral swimmer which is

accompanied by a potential flow.

4.2.2 Smoothed profile method for binary fluids

In order to solve the dynamics of squirmers swimming in an immiscible binary A/B
fluid system, while fully accounting for the hydrodynamic interactions, the coupled
equations of motion for the solid particles and the component fluids within the model H
representation, i.e., the Newton-Euler and Cahn-Hilliard Navier-Stokes equations, need

to be considered [44, 45].

Furthermore, to couple these equations efficiently, we have used the Smooth Profile (SP)
method [36], in which the A/B fluid and solid particle phases can be defined in terms
of order parameters ¥4, ¥pg, and ¢. In the SP method, all sharp particle boundaries,
including solid/fluid and fluid/fluid boundaries, are replaced by diffuse interfaces of
finite thickness £, and thus allows us to easily couple the rigid-body dynamics to the
dynamics of the (phase-separating) fluids. In what follows we briefly describe how
to solve for the (coupled) rigid-body dynamics, phase-separating dynamics, and fluid
dynamics. Detailed descriptions of the SP method and its implementation can be found

in our earlier publications.[36, 38-40)]
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4.2.2.1 Particle dynamics

The position, velocity and angular velocity of particle ¢ are expressed as R;, V; and €2;.

The time evolution of the particles follows from the Newton—FEuler equations:

R, =V, (4.2)
Qi = skew () - Q;, (4.3)
MV, = F + FC ¢ Fet, (4.4)
I;-Q; = NI + Nt (4.5)

where @Q; is the orientation matrix, M; the masses, and I; = 2/5M;a;?l (with a; the
radius of particles) the moments of inertia (I the unit tensor); skew(€2;) is the skew-
symmetric matrix for the angular velocity €2;. The hydrodynamic forces and torques
are given by EH and NiH , Fl-c represents direct particle-particle interactions (NZC =0),

and Ff*" and Nf*" are the external forces and torques, respectively.

Within the SP method, the sharp solid-fluid interface is replaced by a diffuse one with
finite thickness &,, and the solid phase is accounted for via a smooth and continuous
profile function ¢(r), which takes a value of 1 in the solid domain, 0 in the fluid domain,

and smoothly interpolates between the two domains across the interfaces.

4.2.2.2 Phase-separating dynamics

The order parameters, 1 4(r) and ¥ p(r), are used to represent the volume fractions of
fluid A and B respectively ( 0 < ¢, < 1). Coupled with the order parameter ¢ for
the solid domain, the sum total of the volume fraction of all components (fluids and

particles) is constrained to be unity,

Yvatvp+o=1, (4.6)
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then the proportion of each fluid can be given by a single order parameter ¥ (r),

¥ =t — Pp. (4.7)

This order parameter ¢)(r) takes a value of 1 in the A domain, and —1 in the B domain.

Since fluid A and B are immiscible, the dynamics for ¢(r) is determined by the following

modified Cahn-Hilliard equation

ng + (u- V) = KV puy, (4.8)

where wu is the total velocity field, and s the mobility coefficient. p,, = 0F /6% is
the chemical potential, derived from the Ginzburg-Landau (GL) free energy function F.
Since we assume that the particles will interact with the interface purely hydrodynamically,

GL free energy function can be given by

Flo.ol = [ ar [fw) + S0 (1.9

The first term in the integrand of Eq. (4.9), f(v) = iqﬁl — %1/}2 represents the Landau

double-well potential, with two minima at ¥ = 1 and —1, and the second term is the
potential energy associated with the fluid A/B interface. Then the chemical potential

for order parameter v is

ey = f'(¥) + aV3y, (4.10)

and the chemical potential for the fluid-particle interactions p4 = 0F /¢ is equal to 0.
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4.2.2.3 Fluid dynamics

A total velocity field, w, which includes both the fluid and particle velocities, is defined

as

u=(1—¢)us+ guy, (4.11)

dup =Y $i[Vi + Qi x Rj] (4.12)

1

where (1 — ¢)uy is the contribution from the fluid, ¢u, from the particle. Then, the

time evolution of this total flow field uw obeys:

PO +u-V)u=V -0+ p(ofy+ fs) (4.13)
— Vi — oV,

V-ou=0 (4.14)

where ¢ f, is the body force necessary to maintain the rigidity of particles, and ¢ f, is
the force due to the active squirming motion. o in Eq. (4.13) is the Newtonian stress

tensor, defined in terms of the total fluid velocity as
o =—pl+n[Vu+ (Vu)T] (4.15)

The phase-dependent viscosity 7, consisting of the viscosity of fluids A, fluid B, and the

particle domains, which are donated by 14, ng, and n, respectively, is defined as

n(r) = naa(r) + npp(r) + mo(r) (4.16)

=14 (Ya(r) + Xp(r)) +1,0(7),

where A = np/n4 is the fluid viscosity ratio.
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Figure 4.1. Tlustration of the drop/swimmer system. The drop with its radius r,
consisting of fluid B, is located at the centre of the system, and the swimmer with its
radius ¢ is initially located in the host fluid A.

4.2.3 System parameters

Using the calculation method presented above, we conducted three-dimensional direct

numerical simulations (DNS) of microswimmer near drops.

A schematic illustration of the swimmer/drop system is given in Fig. 4.1. The radius
a of the swimmer is set to be a = 4A, and solid-fluid interface thickness &, is 2A,
where A stands for the grid spacing. Regarding the parameters in Eq. (4.1), we set

By = 0.015 for all the calculations and varied g to investigate the 5 dependency of the
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dynamics in section 4.3.1. The simulation system is set up as a square with sides of
256 A mainly consisting of fluid A as the host fluid. Periodic condition is applied. The
droplet, consisting of fluid B, is set right in the centre of the square. The drop keeps its
spherical shape with the minimum interface area between fluids A and B which results
in relatively low free energy. The radius of the drop r is varied from 16A to 80A to study
the r dependency of the dynamics in section 4.3.2. The distance between the centre of
the swimmer and the drop is donated by D. d is the distance between the centre of the

swimmer and the drop in & axis. The collision angle 6 is defined as cos 6 = d/r.

We also conduct the simulation of swimmers near the drop with r = 80A in which the
system domain is enlarged by a factor of two. The results show no significant difference
which means the self-interactions resulting from the periodic domains can be ignored in

this chapter.

4.3 Results

4.3.1 Swimming motions

To examine the motions of microswimmers near the drop, we first conduct a series of
simulations for different swimmers with different collision angles 6. The radius of the

drop r is set to 66A.

Three kinds of motion are observed, as illustrated in Fig. 4.2. In case (i), the swimmer
passes through the surface into the droplet after interacting with the surface domain
with D < r, as shown in Fig. 4.2(a) and Fig. 4.3. In case (ii), once the swimmer reaches
the drop surface, it gets trapped and begins to orbit the drops [see Fig. 4.2(b)] with
D = r, as shown in Fig. 4.3. In case (iii), an approaching swimmer simply skims the
drop surface for some time [see Fig. 4.2(c)], either long or short, then escapes with D > r-.
However, these three swimming modes (i)—(iii) well match the dynamics of swimmers

near a planar interface in our previous work, which were named “penetrating”, “sliding”
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(a) penetrating (b) sliding (c) bouncing

Figure 4.2. Trajectories of different swimmers with (a)8 =2, (b)8 = -7, (¢)8 = -5
once reaching the surface of the drop with its radius r = 16.5a (a is the radius of the
particle), correspond to three swimming motions respectively.

40.0 ' ' ' ' ' .
m  Penetrating
e Bouncing
A §liding
32.0 1
24.0
O
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16.0 16.5
8.0 1
0.0 T T T

T
400 600

Figure 4.3. The time evolution of the distance between the centre of the drop with its
radius r = 16.5a and different swimmers with g = 2, —5, and —7 which swim in
penetrating, bouncing and sliding motions, respectively, and are marked in different
colours.
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Figure 4.4. Phase diagram for swimmers with various § value (a)near the drop with
r = 8a; (b) near the drop with r = 16.5a; (c) near the planar interface, reproduced. a
is the radius of the droplet.

and “bouncing” motions respectively. We think this is because planes can likewise be
considered as the surface of droplets with infinite radius r = oo. Thus, in this work we
decide to use the same names, i.e., (i) “penetrating”, (ii) “sliding”, and (iii) “bouncing”

motions.

In order to investigate the impact of interfacial geometry, we make a comparison with
the dynamics of swimmers near the planar interface. In general, the dependency of the
collision angle on these three motions is similar. For the relatively weak swimmers, if
the collision angle 6, is small, the swimmer will swim along the interface for a distance
and then escape from it. If 6;, is large, the swimmer is able to swim into the drop.
For relatively strong swimmers, the strong pusher gets trapped and orbits the surface
of the droplet while the strong puller prefers to penetrate the surface. However, some
differences still exist, as shown by the fact that swimming patterns can be different for the
same microswimmers with the same collision angle. According to Fig. 4.4, we note that
as the droplet radius increases, the bouncing cases decrease significantly. Meanwhile,
the penetrating and sliding cases increase. Even in the case of the droplet with r = 8a,
the sliding motion is not observed. Thus, we consider that the droplet radius has a

strong effect on the dynamics near the surfaces of the drop.

We are also interested in the effect of the viscosity difference on the dynamic of swimmers

near the drop. As shown in Fig. 4.5, with an increase in the value of A, i.e, the ratio of
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Figure 4.5. Phase diagram for swimmers with various 8 value near the drop with
r = 16.5a, with the viscosity ratio (a)A = 0.5, (b)A =1 and (c)A = 2.

the viscosity of the liquid inside the droplet to the liquid outside the droplet, we note
that the bouncing motion becomes dominant and the cases of the penetrating motion
decreases. It shows that microswimmers prefer swimming in fluids with relatively low

viscosity, and this conclusion is consistent with our previous research in Chapter 3.

4.3.2 Critical trapping radius

We think that there exists a critical trapping radius of the drop r., below which an
approaching swimmer may simply skim the drop surface for some time before escaping
or swimming into the drop, regardless of the collision angle 6. For radii larger than the
critical trapping radius, the swimmer can be hydrodynamically trapped onto the drop

surface and slide on the interface.

In order to explore the minimum critical radius r., we conduct a series of simulations in
which different swimmers swim toward the drop with various radii r. Since this kind of
trapping character is only observed for pushers, as shown in Fig. 4.4, we only conduct
the simulations for pushers (8 < 0). The collision angle varies from 0 to 7/2 to check
whether the swimmer has the ability to slide on the surface. As the result, Fig. 4.6
shows how the critical trapping radius for a drop, r., varies as a function of swimming

strength 5.
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Figure 4.6. Variation of the critical trapping radius for drops with the swimmers’
swimming strength § for different viscosity ratios A = 0.5, 1, 2, marked in different
colours and symbols.

According to Fig. 4.6, we note that the critical trapping radius r. is highly correlated
with the swimming strength (§; weak pushers can orbit around the drop with a large
radius, while strong pushers are said to be “more capable” in getting trapped. The
critical trapping radius decreases with increasing swimming strength and shows a non-

linear correlation.

The effect of viscosity ratio A is also investigated in Fig. 4.6. We note that for the non-
isoviscous system, whenever A is not equal to 1, the critical trapping radius is greater
than that for the isoviscous condition. We believe this is related to the nature that
microswimmers have a preference for the low viscosity fluid, which is observed in our
previous work. Therefore, when the viscosity of the fluid inside the droplet is lower than

that of the fluid outside (A < 1), swimmers prefer to swim into the drop in a penetrating
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motion. Likewise, when the viscosity of the fluid inside the droplet is higher than that
of the fluid outside (A > 1), swimmers prefer to escape from the drop and swim back
into the host fluid as a bouncing motion. Both of these two conditions are not conducive
to the slide of particles on the droplet surface. Moreover, a significant difference in the
value of r. occurs for weak pushers, with the most viscous drops being less capable of

trapping microswimmers that approach them directly.

4.4 Discussion

In this chapter, we further extend our study of the dynamics of microswimmers from
cases of the planar interface to cases of the non-planar surface. Because of the penetrating
nature of the interface, our study differs somewhat from previous studies on the dynamics
near droplets. Many works also studied the trapping character of microswimmers near
the drop surface [104, 105]. However, in their work, the far-field description they
employed has been proven to be only accurate to distances as small as a few body
lengths away from the surface. But the near-field dynamics were simply approximated
as a hard-core repulsion. This approximation resulted in swimmers being rejected from
penetrating the droplet surface. Thus, for some cases, such as pullers approach the drop
or the viscosity of the fluid inside the drop is relatively low (A < 1), the swimmers were
reported to orbit the droplet surface with its squirming axis always pointing inside the
droplet. They considered swimmers in such cases are trapped, whereas in our work

swimmers usually penetrate the drop surface under such conditions.

With regard to the cases of biodegradation for oil droplets mentioned at the beginning of
this article, we were surprised to find that both the non-planar surface and the viscosity
difference make the hydrodynamic adhesion of microswimmers on the droplet surface
more difficult. Also, the swimming type of microswimmers that can adsorb to the
surface of the oil droplets is restricted to strong pushers. Furthermore, some work has

reported that surfactants play an important role in this biodegradation, on the one hand
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by dispersing the oil slick into fine droplets and increasing the contact area between oil
and water, and on the other hand by improving the relative C:N:P ratio [112, 113].
However, according to our results, the former is not rigorous unless the drop radius
is always larger than the capture radius. The latter, on the other hand, requires the

chemical interaction of the liquid with the particles to be included in the model.

In addition, in order to rule out the possibility that the observed dynamics are due
to inertial effects, we also conducted simulations with a smaller Reynolds number by
decreasing the velocity of swimmers. We obtained equivalent trajectories, which indicates

that the inertial effects are negligible in our present simulations.

4.5 Conclusions

In this chapter, we further investigate the dynamic of the microswimmer near the drop
by extending to no-planar surfaces. Three motions, including penetrating, bouncing, and
sliding motion, are observed once the swimmers reach the surface of the drop. Compared
to the planar interface case, the radius of the droplet showed a further influence on
the choice of swimming modes. The critical trapping angle 1., the minimum radius
that can make pushers get trapped and slide on the surface, is highly correlated with
swimming strength, with a smaller radius for strong pushers and a larger radius for
weak pushers. In addition, compared to isoviscous systems, both positive and negative
viscosity differences between the fluids inside and outside the drop have a negative effect

on this hydrodynamic adhesion.

Our study represents a detailed analysis of dynamics for microswimmers near the drop
surface. It further improves our understanding of the dynamics of microswimmers in
complex fluid systems and might allow for a more detailed study of similar physiological
and biological phenomena, such as oil-microbe interactions in lab-on-a-chip setups or

marine ecosystems.
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Chapter 5

Concluding Remarks

5.1 Summary

This dissertation is devoted to the study of the dynamics of a model microswimmer
near a liquid-liquid boundary by means of three-dimensional direct numerical simulation
with fully resolved hydrodynamics. In order to fully understand such dynamics, we first
developed a simple physical model in which swimmers interact with a soft, deformable,
and penetrable interface in Chapter 2. In this chapter, we observed three distinct
swimming modes for microswimmers after colliding with interfaces. We also explored
the dependence of these swimming motions on the properties of swimmers, such as initial
angles, swimming types, etc. Then in Chapter 3 and Chapter 4, we add new variables
and constraints to the physical model proposed earlier. The viscosity difference of fluids
is considered in Chapter 3 and the non-planar interface (droplet surface) in Chapter
4. In both of these chapters, the dynamics of microswimmers are compared to the
simulations in which swimmers interact with the flat interface in an isoviscous system

to understand the effect of each variable.

In Chapter 2, We first conduct a series of simulations in which a swimmer approaches

the interface with different initial angles, to examine the motions of microswimmers near
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an interface. In this chapter, we set the swimmer initially located in fluid A and make
it swim towards fluid B. As a result, we clarified that three distinct swimming modes
can be observed: bouncing motion in which the swimmer bounces back to the host fluid,
sliding motion in which the swimmer slides on the interface, and penetrating motion in
which the swimmer passes through the interfacial region separating the fluids and swim
into the fluid B. In general, as for weak swimmers, the initial angle plays a dominant role
in determining the nature of the motion at the interface. That is, the swimmer with a
small initial angle will bounce back from the interface, whereas the one with a large initial
angle will swim across the interface. Since the threshold angle dividing the bouncing
and penetrating motions is different for different swimmers, together with the fact that
strong swimmers exhibit a single sliding/penetrating motion that is not dependent on
the approaching angle, we suspected that the swimmer type has a strong effect on
the dynamics near fluid—fluid interfaces. To investigate the dependency of swimming
type, we made a one-to-one mapping from approaching angles to outgoing angles for
different swimmers. For weak swimmers, we found that when pushers and pullers
start from the same initial angle and exhibit the same swimming mode (penetrating
or bouncing), their orientation angles will change in opposite ways. In order to explain
this pusher /puller duality, we measured the time evolution of the swimmer’s orientation
during the whole process. The sinusoidal dependence between the reorientation velocity
and the orientation was confirmed. This result matched the work by Gidituri et al.
well quantitatively, in which they investigated the reorientation dynamics of spherical
microswimmers trapped at a fluid-fluid interface. On the other hand, when it comes to
strong swimmers, strong pushers prefer to slide on the interface whereas strong pullers
tend to swim perpendicular to the interface. Also, we extended our simulation from a
single collision to repeated collisions with the interface, we observed three final steady
states: penetrating the interface perpendicular to the interface for pullers, bouncing back
and forth between two interfaces with a certain angle which is only related to swimming

type for weak pushers, and sliding on the interface for strong pushers.
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In Chapter 3, we extended our work to consider the dynamics of swimmers at the
interface of two fluids with mismatched viscosities. We first introduced the phase-
dependent order parameter for the viscosity field into the computational mode we have
used in Chapter 2, and therefore can take the variable viscosity into account. Then, we
analyzed the effect of the viscosity on the motion of the swimmer in the low Reynolds-
number regime. As the result, in addition to the three modes (“bouncing”, “sliding”
and “penetrating”) which we noted in Chapter 2, we also observed a new dynamical
“hovering” mode, in which the swimmer tends to move parallel to the interface, at
a fixed (non-zero) distance. By measuring the time evolution of the positions and
orientations, we found that several sets of trajectories for the bouncing and penetrating
motions exhibited time-reversal symmetry due to the pusher/puller duality. We also
have summarised the relations for these types of symmetric, which can also recover
cases in the isoviscous system. Moreover, compared to the isoviscous case, we found
that the viscosity difference can significantly affect the dynamics during a collision with
the interface, i.e., the relationship between incoming and outgoing angles. In addition,
interestingly, by analyzing the swimmer dynamics in the hovering motion, we found that
both the trajectories and the time evolution of the orientation are similar to those of

swimmers near a solid wall.

In Chapter 4, the study was extended to non-planar interfaces by investigating the
dynamics of microswimmers near droplets. In this chapter, we first performed simulations
for swimmers approaching the drop. The swimming motions reported in our previous
work are also observed, indicating that the dynamic of swimmers near the drop surface
remained consistent with one near a flat interface. Next, we conducted simulations with
different drop sizes. Compared to the planar interface cases, the radius of the droplet
showed a further influence on the choice of swimming modes. Additionally, in this
chapter, the dependence of the critical capture radius of the droplet on the properties
of the microswimmers, such as swimming types and strength, was investigated. The
results showed that only strong pullers are able to slide on the droplet surface. The
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dependency of the viscosity ratio was further studied. Compared to isoviscous systems,
non-isoviscous fluids systems, both with positive and negative viscosity differences, have

a negative effect on droplet capture.

Since in Chapter 2 we first proposed the simple physical model in which microswimmers
interact with the soft penetrable/deformable planar interface, to the work in Chapters 3
and Chapter 4, we keep improving our understanding of the dynamics of microswimmers
near a fluid-fluid interface by developing a related physical model and progressively
adding new variables and constraints to it. Unlike the dynamics of swimmers in the
homogeneous fluid, microswimmers exhibit completely different motions near the fluid-
fluid interface. Until now, four motions are observed, namely, “bouncing”, “sliding”,
“penetrating” and “hovering” motion, depending on different factors. These factors are
mainly derived from two aspects, particle properties including collision angles, swimming
types and strength, and liquid (interface) properties such as viscosity difference and

interfacial geometry.

5.2 Future outlooks

Regarding future work, on the one hand, we can continue further research on the full
dynamics of swimmers near the interface. More features can be added to the basic model
to understand more practical cases in biology. For example, the fluid system in the
current work is isodense. In further work, the phase-dependent density function can be
introduced to study the motion of microswimmers in fluids with different densities. The
swimmer’s affinity for different fluids can also be taken into consideration, corresponding
to the hydrophilic/hydrophobic of particles. Moreover, in the Deepwater Horizon oil
spill in 2010 which we once mentioned in the Chapter 4, it’s also known that a huge
amount of dispersant/surfactant was added at the well head to break down the heavier
hydrocarbons into tiny droplets, and aid bioremediation [107]. In order to further

investigate the role of the surfactant, the interfacial viscosity and chemical interaction
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between the fluid and the particle should also be accounted for, allowing us to study the

surfactant dynamics.

On the other hand, as an example of industrial applications of microswimmers, an
artificial microrobot for drug-targeted delivery should be more proactive. It can travel
along a specific route which is initially set by users, and carry out transmembrane drug
transport near the lesion. We hope it will be able to achieve such functions by adjusting
particle properties according to the particle’s near-field fluid environment as the works
in this dissertation can provide a theoretical basis and numerical simulation for this kind

of algorithm.
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