Dynamics of microswimmers near a liquid-liquid interface with viscosity
difference
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Transport of material across liquid interfaces is ubiquitous for living cells and is also a crucial step in drug delivery
and in many industrial processes. The fluids that are present on either side of the interfaces will usually have differ-
ent viscosities. We present a physical model for the dynamics of microswimmers near a soft and penetrable interface
that we solve using computer simulations of Navier-Stokes flows. The literature contains studies of similar isoviscous
fluid systems, where the two fluids have the same viscosity. Here we extend this to the more general case where they
have different viscosities. In particular, we investigate the dynamics of swimmers approaching a fluid-fluid interface
between phase-separated fluids with distinct viscosities. We find that the incoming angle, viscosity ratio, and swim-
ming type (i.e., pusher, puller, or neutral) strongly influence the collision, resulting in four distinct dynamical modes:
bouncing, sliding, penetrating, and hovering. The former three modes are also observed for isoviscous systems, while
the hovering, in which strong pullers swim parallel to the interface at a non-zero distance, requires mismatched vis-
cosities. Furthermore, swimmers exhibit a preference for lower-viscosity fluids, known as viscotaxis. This implies that,
for a wide distribution of contact angles, more swimmers will transition into the low-viscosity environment than vice
versa. Consequently, a swimmer starting in a low-viscosity fluid is more likely to bounce back at the interface, while a
swimmer in a high-viscosity fluid is more likely to penetrate the interface and enter the lower-viscosity fluid.

ample, spermatozoa exhibit very different tail waveforms, de-

Across the natural world, it is common for microswimmers
to navigate through complex fluid environments, e.g., sper-
matozoa in seminal plasma and cervical mucus'™. Trans-
membrane transport of bacteria and viruses is also a key
stage in infection® Therefore, research into the dynamics of
swimmers in such environments is of vital importance to un-
derstand 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 >

Most studies on the dynamics of microswimmers in in-
homogeneous multi-phase systems have focused on swim-
ming in the vicinity of boundaries, mainly solid-fluid
boundaries 9 and fluid-air interfaces!%2% or have been re-
stricted to simplified 2D systems#"23. For example, Lauga et
al™ showed that E. coli was shown to exhibit a clockwise cit-
cular swimming motion near a solid-fluid boundary, whereas
Leonardo et al®” report 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 hydrody-
namic interactions.

However, few theoretical studies have attempted to con-
struct a general hydrodynamic description of microswimmers
near (complex) fluid-fluid interfaces 82420 " je  near the
boundaries between immiscible fluids. This may be due to the
high computational costs associated with treating deformable
and penetrable boundaries. Of particular (biological) impor-
tance is the case where fluids have mismatched viscosities.
This can dramatically affect the swimmer dynamics. For ex-

pending on the viscosity of the fluidZ. Sperm in low vis-
cosity 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 “mean-
dering” waveform with less lateral movement across the di-
rectional 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 microswim-
mers near a soft, deformable and penetrable interface in an
isoviscous system®. In this paper, we extend our work to
consider the dynamics of swimmers at the interface of two
fluids with mismatched viscosities. First, we review the com-
putational 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 motion 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 time evolution of the positions and orienta-
tions, we found several sets of trajectories for the bouncing
and penetrating motions that exhibit time-reversal symmetry
due to the pushers/puller duality. Compared to the isoviscous
case, we find that a viscosity difference can significantly af-
fect the dynamics during a collision with the interface, i.e., the
relationship between incoming and outgoing angles. Finally,
we provide an analysis of the swimmer dynamics in the hov-
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ering motion. Interestingly, both the trajectories and the time
evolution of the orientation are similar to those of swimmers
near a solid wall.

Il. SIMULATION METHODS
A. The squirmer model

We model swimmers as spherical squirmers, one of the
most widely employed mathematical models for microswim-
mers, originally developed to describe the motion of ciliated
micro-organism (e.g., Paramecium) that propel themselves
through the synchronized beating of cilia at their surface*?%,
Thus, swimmers are represented as rigid spherical particles,
with a modified stick boundary condition at their surface,
which drives the flow and is responsible for the propulsion,
as shown in Fig. [[(b). Since the swimmer is modelled as a
perfectly rigid sphere, with no chirality, only tangential com-
ponents of the surface slip velocity are considered, i.e., all az-
imuthal and radial modes are set to zero>122, These neglected
modes would be required, for example, to model the beating
of the envelope of flagella at the surface of a Volvox colony
with swirl>?. The surface slip velocity is given as

uw(9) = i 2 P (cos ®) sin 99 (1)

n=1 I’l(}’l + 1) e ‘ ’

where © = cos ™! (7 - &) is the polar angle between the swim-
ming 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 n-th order, and B, is the
magnitude of each mode. We note that this tangential approx-
imation refers only to the slip velocity imposed at the particle
surface in order to generate the self-propulsion (i.e., a modi-
fied stick-boundary condition). No constraints are imposed on
the total fluid velocity field.

Only the first two terms are included, B and By, in the tan-
gential slip velocity to concentrate on the fundamental hydro-
dynamic effects. These two terms, which decrease as 1/r?
and 1/r3, respectively, govern the swimming velocity and
the stresslet. Higher-order contributions which decrease more
rapidly have been disregarded since they do not provide any
insight into the differences between pusher and puller dynam-
ics.

u’ (V) :Bl(sin19+§sin219)19, 2)

The coefficient of the first term in Eq. @ B, determines the
steady-state swimming velocity of the squirmer Uy = 2/3B;.
The coefficient of the second mode, B>, determines the stress
exerted by the particles on the fluid. The ratio 8 = B,/B;
determines the swimming type and strength. When f3 is neg-
ative, the squirmer is a pusher, which swims generating an
extensile flow field (e.g., E. coli); when B is positive, the
squirmer is a puller, which swims generating a contractile flow

field (e.g., C. reinhardtii). The marginal case of f = 0 corre-
sponds to a neutral particle, which is accompanied by a po-
tential flow (e.g., Volvox). In what follows, we will refer to
squirmers with |3| < 1 as being weak, and those with || > 4
as being strong.

B. Smoothed profile method for binary fluids

To simulate the dynamics of particles dispersed in an im-
miscible binary A/B fluid system, while fully accounting for
the hydrodynamic interactions, we consider the coupled equa-
tions 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®#%.  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*”. Within this approximation, the sharp particle
boundaries are replaced by diffuse interfaces of finite thick-
ness. The solid particle domains are thus defined using a
continuous order parameter or phase-field ¢, defined over the
whole computational domain. The A/B fluid phases are like-
wise defined in terms of the corresponding A/B order parame-
ters Y4 and yp. 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 (cou-
pled) rigid-body dynamics, phase-separating dynamics, and
fluid dynamics.

Detailed descriptions of the SP method and its implemen-
tation and can be found in our earlier publications®/=8, We
note that reasonable accuracy at reduced computational cost
can be obtained even when using relatively coarse resolutions,
i.e., particles of radius @ = 4 ~ 5A, with interfacial thickness
& =2A (A the grid spacing). For example, the drag coefficient
of infinitely long cylindrical rods (2D) is within < 5% of the
analytical solutions to the Stokes equation®”. A similar level
of agreement is obtained for the (3D) friction and mobility
tensors of non-spherical particle assemblies*. The SP method
has been used to study the electrophoresis*, sedimentation*Z,
and rheology of colloidal suspesions®, as well as the attach-
ment of particles to bubble surfaces®, the capillary-induced
bending of flexible fibres*®, and the enhanced diffusion of
swimming particles*, among others. For the specific case
of squirmers at fluid-fluid interfaces considered here, our pre-
vious results for isoviscous systems<® are in good quantitative
agreement with the Lattice-Boltzmann simulations of Gidituri
et al?®, who studied the reorientation dynamics of squirm-
ers trapped at the interface. Whenever comparison with ex-
periments, analytical results, or alternative simulations, has
been possible, SP results have shown excellent agreement
(S5—10%). A detailed error analysis of the SP method, with
comparisons to direct numerical simulations and the force
coupling method, has been performed by Luo et al 4.



1. Particle Dynamics

The rigid particle dynamics are determined by Newton—
Euler equations of motion (assuming spherical particles):

R =V, 3)
Qi = skew () - Q;, )
MV, = Fl' + FF + Ff", (5)
I;-Q; = N + Nf™, (6)

where R;, Q;, V;, §2; are the positions, orientation matrices,
velocities, and angular velocities of particle i, respectively; M;
are the masses, and I; =2/ 5M;a;%| the moments of inertia for
spheres of radius a; (I the unit tensor); skew(£2;) is the skew-
symmetric matrix for the angular velocity. The hydrodynamic
forces and torques are given by F! and JVI»H . In this work,
we only consider the dynamics of a single particle, so there is
no direct particle-particle interaction Ff = Nf =0. F and
N are the external forces and torques, respectively, and are
equal to O since the swimmers are buoyancy-neutral particles.

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

9(r) =) 9i(r), (7)

where ¢; is the phase-field for particle i. 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 parti-
cle domain as

¢Up=Z¢i[Vi+ﬂi><Ri]- ®)

2. Phase-Separating Dynamics

The order parameters for the A and B phases, yu(r) and
yp(r), represent the volume fractions of the constituent com-
ponents ( 0 < @y < 1). Furthermore, since the sum total of
the volume fraction of all components (fluids and particles) is
constrained to be unity,

wa+yp+o=1, &)

the composition of the A/B phase-separating fluid can be de-
scribed in terms of a single order parameter y/(r),

V=Y V. (10)

This order parameter y(r) is defined to be equal to 1 in the A
domain and —1 in the B domain.
The dynamics for y(r) is determined by the following
modified Cahn-Hilliard equation
dy

-t )y =xVpy, (11)

TABLE I: Symbols and Abbreviations

Squirmer Model

coefficient of n tangential squirming mode
derivative of the n-order Legendre polynomial
surface slip velocity field

swimming type (8 = B»/Bj)

swimming direction

swimming direction angle

(steady-state) swimming velocity (U = 2/3By)
Rigid Particle Model

radius

position

orientation matrix

velocity

angular velocity

direct particle-particle interaction force (torque)
Fe(N") external force (torque)

FH (NH) hydrodynamic force (torque)

=3

TDODO™ :{:éﬁ o]

SRR ol- A

I moment of inertia
J angular momentum
M mass
[} direction of motion
(0} direction of motion angle
Fluid Model
p pressure
o Newtonian stress tensor
u total velocity field
ur fluid velocity field
up particle velocity field
P density
pi fluid density (i = A, B)
Pp particle density
n total viscosity
n; fluid viscosity (i =A,B)
Ny particle viscosity
A viscosity ratio (A = np/Na)
(] particle phase field function
&y particle—fluid interface thickness
Phase Separation Model
v fluid phase field function (i = A, B)
v binary fluid phase field function (v = y4 — yp)
Uy chemical potential of y order parameter (y = Y, 9)
&r fluid-fluid interfacial thickness
w particles’ affinity to A/B fluid phases
a A/B interfacial tension coefficient
K mobility coefficient for y field

System Parameters

L, by, 1 system width, length, height

A grid spacing/unit of length
Abbreviations & Acronyms

DNS direct numerical simulations

Pe Péclet number

Re Reynolds number

Sc Schmidt number

Sp Smoothed Profile

where wu is the total velocity field, k is the mobility coeffi-
cient, and py, = 0.% /Sy is the chemical potential associated
with the order parameter y. In what follows we will also
need to account for the fluid-particle interactions using a sec-



ond chemical potential associated with the ¢ order parameter,
Uy = 0.7 /8¢. These chemical potentials are derived from
the Ginzburg-Landau free energy functional

Flv.0)= "2 [ar [w)+ 5 (Tw +wEuw(V Y]
Vo .
(12)

where kp is the Boltzmann constant, 7' the temperature, and
vo a reference unit volume. The first term in the integrand of
Eq. f(y) = 1y*— Ly? represents the Landau double-well
potential, with two minima at ¥ = 1 and —1. The potential
energy associated with the A/B interface is represented by the
second term, which corresponds to the surface tension of the
interface. The third term represents the particles’ affinity for
each of the fluid A/B phases. Additional terms can be added
to model more elaborate chemical interactions, e.g., particle
affinity to interface, but are not considered in this work. The
chemical potentials corresponding to this free-energy func-
tional are then

kgT

Hy === [F(v)+aViy+wE, (V)] (13)
k,
b =L (206 (Vy Vo yV0). (4)

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.

3. Fluid dynamics

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

u=(1-¢)usr+du,, (15)

where the first term gives the fluid velocity field and the sec-
ond term the particle velocity field. Then, the time evolution
of this total flow field u is given by a modified version of the
Navier-Stokes and continuity equations

PO +u-V)u=V-o+p(0f,+ fy) (16)

—yViuy -9V,
V-u=0 (17)

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

o= —pl+n[Vu+ (Vu)T] (18)

where 1) is the spatially varying viscosity. The term ¢ f, ap-
pearing on the right-hand side of Eq. (I6) is the body force
required to satisfy the rigidity constraint of the particles, the
term ¢ f, is the force needed to enforce the “squirming”
boundary condition at their surface of the swimmers (Eq. (2)),
and final two terms come from the binary-fluid nature of the
host fluid.

In the present study, to keep the system as simple as pos-
sible, we assume that fluids A and B are strongly immiscible,
but otherwise possess identical physical properties, except for
their viscosity. Let 14 and 1p represent the viscosity of flu-
ids A and B, respectively, and 1, the viscosity of the particle
domains. The total phase-dependent viscosity 1(r) is defined
as

n(r) =nava(r) + nsys(r) + Ny (r) (19)
=Na(Ya(r) +Ayp(r)) +n,¢(r),

where L = mp/nN, is the fluid viscosity ratio. Finally, we
have summarized the main symbols and abbreviations used
throughout in Tabldl}

Ill. RESULTS

In this study, we conducted three-dimensional direct nu-
merical simulations (DNS) of a single particle near an A/B
fluid-fluid interface, for a buoyancy-free system in the ab-
sence of any externally imposed flow field. In all cases, we
use a rectangular simulation box of dimensions (I,ly,l;) =
(32A,32A,64A), where A is the grid spacing and the unit of
length. Periodic boundary conditions are established in all di-
rections. The radius of the squirmer is set to a = 4A. For
validation, we have also performed simulations at twice the
resolution, for the case of A = 1, and obtained essentially the
same particle trajectories, as shown in Fig. 2] The parame-
ter By in Eq. is set to 0.015, corresponding to a single-
particle steady-state velocity of Uy = 2/3B; = 0.01. The
mobility x (Eq. (I1I)), and the mass densities for both flu-
ids and particles p = py = pp = p,, are all set to 1. We
set the viscosity of the particle and fluid A to be equal to
unity, 17, = M4 = 1, and vary the viscosity of fluid B in the
range 1/10 < np < 10. Then, the particle Reynolds number is
Re = pUpa/n is 0.08 in fluid A, while in fluid B it can range
from 0.008 to 0.8. The thermal energy kg7 and reference unit
volume vy in Eq. (T2) are both set to unity. The Péclet number
(Pe) is therefore Pe = 7y /7 = 400 (19 = a/Up, Tx = pK), the
Schmidt number (Sc) Sc = Pe/Re ranges from 500 to 50000,
and the Weber Number is We = onza /0o = 0.0001, where
= %(O'xx + 0y, —20;;) is the surface tension. For this range
of parameters, we are working in the limit of high surface
tension, where the deformation of the interface is negligible
and occurs over time-scales T, that are much smaller than
the characteristic particle time-scale 7p. The fluid-fluid inter-
face thickness &y is of order unity with the present choice of
parameter & = 1 in Eq. (12), and the particle—fluid interface
thickness &, is set to 2.

A schematic representation of our system is given in
Fig.[I(a), which shows a single swimmer near a fluid-fluid in-
terface. The system is initialized to be phase separated 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 L,_y/a = —4 un-
less noted otherwise. This initial distance from the interface
is large enough to allow the particle to attain its steady-state
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FIG. 1: (a) Schematic representation of a single swimmer
near an A/B fluid-fluid interface normal to Z. The angles 6
and @ are here the angles between the polar axis and the
interface, and the direction of motion and the interface,
respectively. (b) Schematic for the squirmer model, with
swimming axis €. The (tangential) surface slip velocity
u*(9) depends only on the polar angle ¥, defined as the
angle between € and the point on the surface at direction +,
with 9 the unit tangential vector defining the direction of the
flow. The B mode (o< sin %) will determine the swimming
velocity, while the B, mode (o< sin21}) gives the stress
exerted on the fluid. Here we represent a pusher, generating
an extensile flow, as indicated by the negative value of B;.

velocity before any appreciable particle/interface interactions
are observed. The orientation of the interface is specified by

L/a

24

low resolution

high resolution
-32 T T T T T T T T T T
0 1 2 3 4 5

FIG. 2: Particle trajectories for pushers ( = 1) approaching
the interface, with A = 1, for two different resolutions. The
high-resolution data is drawn in (thick) red lines, whereas the
base resolution data used throughout the manuscript is drawn
in (thin) black lines.

its normal vector, 2, that of the swimmer’s motion by its nor-
malized velocity vector ® = V'/|V/|, which need not corre-
spond to its polar axis é taken to be parallel to the body frame
#'-axis. 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., Vy = 0). The x-component of the position is R,. The
orientation angle 6 = arcsin (2 - é) is defined as the angle be-
tween the polar axis and the interface, while the direction of
motion is defined by ¢ = arcsin (2 - 9).

To understand the dynamics of a swimmer near an inter-
face for fluids with mismatched viscosities, we conduct a se-
ries 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 8,,,. Given
the geometry of our setup, we can focus only on collisions
with 6;, > 0 (i.e., the swimmer collides with the top inter-
face), as those for 6;, < 0 are equivalent due to the reflec-
tion 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 con-
struct 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[a). The first
three of these modes are also observed in the case of iso-
viscous fluids (A = 1), as reported in our previous work=S.,
In case (i), the swimmer crosses the interfacial region sepa-
rating the fluids, swimming into fluid B with 6,, > 0 (see
Fig. ffa)(Multimedia view)). In case (ii), the swimmer be-
comes trapped at the interface, swimming in the x — y plane
with 6,,, = 0 (see Fig. [b)(Multimedia view)). In case (iii),
the swimmer approaches the interface and exhibits a signifi-
cant rotation within the interfacial domain, bouncing back into
the host fluid A and avoiding fluid B, leaving the interface with
Bour < 0 (see Fig. [ c)(Multimedia view)). In case (iv), which
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FIG. 3: (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, (c) A =0.2,(d) A =1, (e) A =5,
and (f) A = 10.

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 paral-
lel to the interface at a fixed distance greater than the particle
radius |L| > a (see Fig. d)(Multimedia view)). Unlike for
the bouncing motion, where the swimmer is able to reorient
and swim away from the interface with 6 < 0, in the hov-
ering motion the swimmer exhibits a partial reorientation to
smaller angles, but it is always pointing towards the interface
0 > 0. At the steady state, the self-propulsion will balance
with the hydrodynamic interactions with the interface, allow-
ing the swimmer to propel itself parallel to the interface, even
though the orientation of the swimmer is not aligned with it.
Our results are summarized in the phase diagram of Fig. [3[b)—
®.

In our previous work on isoviscous systems, we have in-
vestigated how the collision dynamics depend on the angle of
approach 6, and the swimming mode 3. For weak swim-
mers, we observed either penetrating or bouncing motion, de-
pending 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 f is to shift the boundary between penetrat-

ing and bouncing domains. These results are summarized in
Fig.[3(d).

In the case of mismatched viscosities, the focus of the cur-
rent work, we found that the viscosity ratio A has a significant
effect on the swimmer’s motion, as can be seen in Fig. E} For
viscosity ratios less than unity A < 1, corresponding to swim-
mers 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 slid-
ing state can also be observed at small to moderate incoming
angles. Fig. b)-(c) shows the results for A = 0.1 and 0.2.
For viscosity ratios larger than unity A > 1, 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 viscos-
ity 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 mo-
tion. These results are summarized in Fig. e)—(f), forA =5
and 10.

We further investigate the effect of the viscosity ratio A on
the swimmers’ collision dynamics, by computing the map f
relating the initial angle 6;, to the outgoing angle 6,,,, after
a single collision with the interface. These collision maps are
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(a) Penetrating
B=30=m/6A=1

(b) Sliding
B=-40=n/6A=1

(c) Bouncing
p=-1,6=m/6,A=5

(d) Hovering
B=4,0=2n/9,A=10

FIG. 4: Movies of swimmers displaying the four distinct dynamical modes resulting from collisions with the A/B fluid-fluid
interface, including (a) “penetrating” , (b) “sliding”, (c) “bouncing” , and (d) “hovering” . In (a), the swimmer crosses the
interfacial region, swimming into fluid B with 6,,, > 0. In (b), the swimmer becomes trapped at the interface with 6,,, = 0. In
(¢), the swimmer bounces back into fluid A with 6,,; < 0. In (d), the swimmer exhibits characteristic oscillations as it
approaches and turns away from the interface, before eventually swimming parallel to the interface at a fixed distance, which is
greater than the particle radius |L| > a. The yellow arrow indicates the particle’s squirming direction, while the grey arrow
indicates the actual direction of motion. The red/blue colour map represents the fluid A/B order parameter y, and the green
colour map indicates the magnitude of the fluid velocity. (Multimedia view).

presented in Fig. |5| for B = —2,0,2 swimmers and viscos-
ity ratios A = 0.2,1,5. Except for the 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 A # 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 (f = —2). Compared with
the isoviscous system, shown in Fig.[5(d), the minimum angle
for penetrating motion |6)y|,,;,| shifts to larger values when the
swimmer is initially in the low-viscosity fluid (i.e., A = 5), as
shown in Fig. 5(g). Furthermore, the outgoing angle 6,,, for
the penetrating/bouncing motion shows an overall decrease or
increase depending on the viscosity ratio. This effect is partic-
ularly 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 ob-
served for swimmers initially located in the higher viscosity
fluid (A = 0.2), as shown in Fig. [5[a).

Similar to the isoviscous case, where the pusher/puller du-
ality is evident in the symmetry of the 6;, — 6,,; map and the
particle trajectories at equal swimming strength |f|, the re-
sults for mismatched viscosities also show a clear symmetry,
despite the strong influence of A on the motion of the swim-
mer near the interface. We first focus on the penetrating mo-
tion, because this was the mode that most clearly evidenced
this symmetry for A = 1. For a single penetrating process, the
trajectories and angular changes mirror each other. To illus-
trate this, we compare the map f : 6;,, — 6,,, for swimmers

with B = £2, as shown in Fig. ﬂa). The mapping for the
penetrating motion f), is symmetric about diagonal 8,,; = 6j,.
That is, the mapping for the pusher is the inverse of the map-
ping for the corresponding puller, under an inversion of the
viscosity ratio, such that fp[g__»3-1/5 = fp_1|ﬁ=2‘,1=5. The
minimum angle for penetrating motion |6p|m,~,,| is equal to the
maximum outgoing angle for the puller. To illustrate this, we
consider pushers (8 = —2) with 6;, = 7n/18 at A = 5, and
pullers (8 = 2) with 6;, = 117/36 at A = 0.2 as representa-
tive examples. Both swimmers are initially set at L,—o = —4a.
According to Fig. [f[b), the trajectory of the puller (pusher)
before it reaches the interface L < 0, is the same as the trajec-
tory of the pusher (puller) after it leaves the interface L > 0.
As expected, this symmetry is also evident in the evolution of
the orientation angle, as shown in Fig.[6[c). This behaviour is
seen for all swimmer types. In summary, the penetrating mo-
tion for pushers (pullers) at viscosity ratio A, is the inverse of
the penetrating motion for pullers (pushers) at viscosity ratio
1/A, such that f[g 5 =f171|—/3,1/1- When A = 1, we recover
the results of our previous work, fp[g -1 = £, ! |—ﬁ7l=1'
We now consider the bouncing motion of pushers and
pullers. In view of the observations that a wide variety of
swimmer orientations will result in penetration of the inter-
face 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. a), the mapping
for the bouncing motion f;, of swimmers = +2 at a high
viscosity interface (A = 5) is symmetric about the diagonal
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6p|min-

6,ur = —0;,. Thus, the pusher/puller duality can be expressed
as fylp.a = —f;l | g2 This can be seen by comparing the re-
sults obtained from simulations of a single bouncing process,
i.e. a pusher (B = —2) with 6;, = —7/6 and a puller (f =2)
with 6;, = —5m/18, both under A = 5. The time-evolution
of the particle positions and orientations for this process are
shown in Fig.[7(b-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. [e) and (h), is particularly interest-
ing in how insensitive it is to A, in contrast to pusher/pullers.

Even though |6,,,,, | is seen to increase upon increasing 4, the
outgoing angle 6,,, is always equal in magnitude to the ap-
proaching angle 6;,, regardless of the viscosity ratio A. This
represents a special case of the bouncing map obtained for
pushers/pullers, fj,[g; = ! |_p,1» with B = 0. In order to
further validate this observation, we conducted a series of sim-
ulations for neutral particles with various fluid viscosity ratios
A =1,5,and 10. The particles initially approach the interface
with 6;, = w/12. The effect of the viscosity is evident in the
distance of the shortest approach to the interface |L2, |, which
decreases with decreasing A, as shown in Fig.[8{a). Although
the collision time shows little dependence on the viscosity ra-
tio (Fig. [§[b)), the distance of closest approach is very sensi-
tive to the viscosity ratio, with a larger difference resulting in
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longer-range interactions, which allow the particle to start its
reorientation process to escape the interface earlier.

Finally, for strong pullers, we have observed a new “hover-
ing” mode, different from the penetrating, bouncing, or slid-
ing motions. To study this motion, we conducted simula-
tions for a puller with 8 = 4, at various approaching angles
0in=7/9, ©/12, m/18 and 7 /36, with the particle initially lo-
cated at L,—y = —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 orienta-
tion, before settling into the hovering motion, moving parallel
to the interface at a fixed distance (see Fig. Eka)). 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 0 throughout the entire process, as shown in
Fig.[9[b). Taking the dynamics of a § = 4 puller, with initial
angle 6, = m/9, for A = 10 as a reference (see Fig. Ekc)), we
can clearly see that the orientation of the swimmer and its di-
rection 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?.

IV. DISCUSSION

We have studied the effect of a viscosity ratio in a binary
phase-separated fluid on the dynamics of swimmers near the
interface. We notice that swimmers show a preference to-
wards the lower viscosity fluid. If one considers an ensem-
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ble 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 en-
richment of swimmers in the low-viscosity fluid. This type
of viscotaxis is consistent with previous theoretical investiga-
tions on swimmers in viscosity gradients 24942 These stud-
ies showed that a squirmer in a weak viscosity gradient will
reorient in the direction of the lower viscosity region (nega-
tive viscotaxis), regardless of the swimming mode. This ef-
fect 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> 0%,

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
AOZE - Although it is difficult to make a direct comparison
with our work, the dynamics previously reported for pullers
near rigid walls is similar to the hovering motion we observe.
In both their work and ours, strong pullers first exhibit os-
cillating 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 — oo. Fur-
thermore, 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'?. Finally, in order to rule out the possibility that the
observed dynamics are due to inertial effects, we also con-
ducted simulations with a smaller Reynolds number by de-
creasing the velocity of swimmers. We obtained equivalent
trajectories, which indicates that the inertial effects are negli-
gible in our present simulations.

V. 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 [ (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. Com-
pared 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 distribu-
tion 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,,, for
the penetrating/bouncing motion is mainly determined by the
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swimming type 8 and the initial angle 6;,, the precise func-
tional dependence 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 ob-
served that strong pullers, initially located in the lower viscos-
ity 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 interpreta-
tion of similar physiological and biological phenomena. Fu-

ture work will explore the role of surface tension and curva-
ture, as well as allow for non-Newtonian host fluids, which are
more representative of biological environments. We also aim
to examine more complex chemical interactions, in particular
for the particle-fluid and particle-interface interactions. Fur-
thermore, it is also important to consider the possible defor-
mations of microorganisms as they cross the liquid-liquid in-
terface. By addressing these limitations and developing more
realistic models, we will be ale to better understand the com-
plexities of micro-swimmer dynamics at interfaces, with the
hope of contributing to the development of advanced artificial
micro-swimmers.
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Appendix A: Software

All simulations presented in this paper were conducted us-
ing the open-source version of the KAPSEL DNS software.
KAPSEL has been developed in our lab to simulate the dy-
namics of solid particles dispersed in complex fluids. Detailed
descriptions of KAPSEL are available online (https://kapsel-
dns.com).

Appendix B: Computational Algorithm

In this appendix, we briefly describe the fractional step ap-
proach used to solve for the coupled fluid/particle dynamics.
Time step n is given by f, = nh, with h the time interval. First,
the total velocity field is updated with the advection and vis-
cous stress contributions. Simultaneously, we update the par-
ticle positions and orientations,

th+h
u =u"+

n

ty+h
R :R?Jr/ dsV;
tn

dsV - [;(—p*I—I—G) -

th+h
Q' =qQr+ dsQ); - skew(€;)
n
with p* computed to ensure the divergence-free condition of
this updated velocity field, V- u* = 0.

Second, the time-integrated hydrodynamic force and torque
are obtained from the momentum exchange over the particle

domain,
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Based on this, and the remaining forces acting on the colloids,
the particle velocities are updated as
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‘/;}’H*l — ‘/;n +M;1 |:/ dSEH:|
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Finally, the velocity field is updated to include the penalty
force ¢ f,, which ensures the rigidity constraint, within the
particle domain, for the total velocity field,

ctn+h
w' =+ [/ ds(ipr}
Jty

h

th+h { .
|:/I ds¢.fp:| ¢n+ ( i *) - Evpp

where the pressure here comes from the rigidity constraint,
and is again obtained from the incompressibility condition V -
w1 = 0. The total pressure field is thus p = p* + Dp-

Appendix C: Dimensional analysis

To generalize the solutions, it is convenient to introduce
dimensionless variables. Using as basic units the density p,
particle radius a, and steady-state swimming velocity Uy =
2/3Bj, the derived units for the remaining physical quantities
are:

[Time] :a / U()
[Mass

[Force

Ener AU}
gy|:pa Uy

]

I:p

I:p

[Pressure] pUO

]

[Acceleration] UO /a
]

[Mobility

The dimensionless form of the Navier-Stokes and Cahn-
Hilliard equations is

(O +u - V' =V a4 O fi+ fl —
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where the non-dimensionalized variables are defined as
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with the Reynolds and Peclet numbers given by (79 = a/Up
and T, = pK)

U
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