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Dynamics of microswimmers near a soft penetrable interface
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Few simulations exist for microswimmers near deformable interfaces. Here, we present numerical simulations
of the hydrodynamic flows associated with a single microswimmer embedded in a binary fluid mixture. The two
fluids demix, separated by a penetrable and deformable interface that we assume to be initially prepared in its
planar ground state. We find that the microswimmer can either penetrate the interface, move parallel to it, or
bounce back off it. We analyze how the trajectory depends on the swimmer type (pusher/puller) and the angle
of incidence with respect to the interface. Our simulations are performed in a system with periodic boundary
conditions, corresponding to an infinite array of fluid interfaces. A puller reaches a steady state in which it
either swims parallel to the interface or selects a perpendicular orientation, repeatedly penetrating through the
interface. In contrast, a pusher follows a bouncing trajectory between two interfaces. We discuss several examples
in biology in which swimmers penetrate soft interfaces. Our paper can be seen as a highly simplified model of

such processes.

DOLI: 10.1103/PhysRevResearch.4.043202

I. INTRODUCTION

Microswimmers, including flagellated bacteria, such as E.
coli [1] and motile, single-celled eukaryotes, such as Chlamy-
domonas [2], 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 under-
stand their complex behaviors 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 appli-
cations [3,4], such as targeted drug delivery [5] or therapies
using microrobots [6].

Although biological microswimmers are usually
found in complex or inhomogeneous fluids, most
theoretical /simulation studies on their dynamics have
focused on simple homogeneous host environments [7-9].
Among the few works that have focused on the dynamics of
microswimmers in inhomogeneous multiple-fluid systems,
studies have usually focused on swimmers in the vicinity of
solid/fluid interfaces [10-13] or liquid/gas interfaces [14].
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 [11]. Over a longer timescale, circular motion
at the boundary has even been observed with the swimming
orientation determined by the boundary conditions [12].
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Studies of swimmer dynamics in inhomogeneous systems
with soft and/or penetrable interfaces are still limited in num-
ber due to the high associated computational costs [15,16].
In the present paper, 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 inter-
face between the two phase-separated fluids.

This paper 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 behavior.

II. SIMULATION METHODS
A. The squirmer model

To model microswimmers, the squirmer model is em-
ployed in this paper. 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 [7,17]. The slip velocity at a point r at
the surface of the sphere is

]

K 2 / H 9
uw(®) = Zz; mBnPn(cos #)sin 99, (1)

where © = cos™!(#-&) is the polar angle between #/|r|
the unit radial direction and é the swimming direc-
tion, with # =7 x (# x &)/sin?* the corresponding unit

tangential vector. P, is the derivative of the Legendre
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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 swim-
mer, and the radial and azimuthal contributions to this have
been neglected [18,19].

In this paper, only the first two modes in Eq. (1) are retained

B .
W) = (Bl sin 0 + 72 sin 219)0. 2)

The first term in Eq. (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;.
The second term corresponds to the force dipole and is pro-
portional to the swimmer’s stresslet. The ratio 8 = B,/B)
determines the squirmer’s swimming type and its strength.
When g is negative, the squirmer is a pusher and generates
extensile flow fields in the direction of propulsion; when 8 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 |8] < 1 as being weak whereas |§| > 4 as being strong.
Different types of squirmers can be mapped to different kinds
of microorganisms in nature.

B. Smoothed profile method

To simulate the dynamics of a swimming system with fully
resolved hydrodynamic interactions, we employ the smoothed
profile (SP) method [20]. In this method, all boundaries,
including both fluid/solid and fluid/fluid boundaries, are con-
sidered to possess a finite interfacial thickness &. This greatly
simplifies the modeling and improves the computational ef-
ficiency of the method as it avoids the need for complicated
discretizations around the particles and the accompanying
remeshing of other DNS approaches, such as spectral/hp
element methods [21]. 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 O within the fluid domain (outside of
the squirmer particles), and smoothly varies between O and
1 across the interface. Thus, such an interface can be rep-
resented 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 +u-Vu=-Vp+V-o+p@f,+6f,).

V-u=0, “4)

where ¢ = n(Vu + VuT) is the Newtonian stress tensor (vis-
cosity 1) and p is the fluid density. The term ¢ f, appearing
on the right-hand side of Eq. (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)].

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

w=(1— s+ du, 5)

du, = > $ilVi+ 2 x Ril. 6)

where the first term (1 — ¢)uy 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 £2; 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, ™

0; = skew(®)) - Q;, ®)
MV;=F" + F¢ 4 F%, ©)
Ji =N L N (10)

where M; is the mass of particle i, J, = I, - R; 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
F! and N¥, F€ represents direct particle-particle interac-
tions (NS = 0), and F*" and N%*" are the external forces and
torques, respectively.

The accuracy of the SP method has been extensively stud-
ied in previous works [20,22-25]. For example, the friction
and mobility tensors of nonspherical particle assemblies ob-
tained from simulations at low Reynolds number (Re) are
within < 5% of experimental values and high-precision solu-
tions of the Stokes equation [24]. A similar degree of accuracy
is found for the angular velocities of spherical particles under
shear flow, for Re < 10 [26], and the ¢ potential of charged
colloidal dispersions [27]. 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 predic-
tions [25]. Finally, we note that these benchmark simulations
were performed using relatively coarse resolutions for parti-
cles of size a = 4-5A with interfacial thickness £ = 2A (A is
the grid spacing).

C. Binary fluid model

The host fluid in our system is modeled as a phase-
separating binary fluid mixture using the Cahn-Hilliard (CH)
model, which, coupled with the Navier-Stokes hydrodynam-
ics, yields the so-called model H [28,29]. We refer to the two
phases of this binary mixture as fluids A and B. The spatial
distributions of fluids A and B are given by order parameters
Ya(r) and ¥p(r), respectively, with 0 < v, < 1. The com-
position of the fluid mixture is then determined by the order
parameter ¥ (r),

V= Ya — Vs, D

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
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components (fluid and particles) must sum to unity,

Va+ys+o=1 12)

To account for the binary fluid nature of the host fluid, an
additional force term is introduced in Eq. (3),

p0+u-Vu=-Vp+V.o—-—yVu,

where 1y = 6F /8y and uy = 8F /8¢ are the locally defined
chemical potentials with respect to ¥ and ¢, defined as func-
tional derivatives of the Ginzburg-Landau free-energy F'. The
time evolution of v is given by the following CH equation:

d

a—lﬁ’ + @ V)Y =«Viiy, (14)
where « is the mobility coefficient.

The free-energy F' can be represented as follows:

o 2 2
F= [alron+5ovr+usuver]  as

In Eq. (15), the first term f(y) = ;¥* — 112 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’ affinity for each of the fluid A/B phases. Thus, the
chemical potentials are

ty = (W) +aViy + wg, (Vo) (16)

and

Hy = 2wE,(VY - Vo + Y V>4). (7

In the present paper, 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 hydrody-
namically. Therefore, we set w = 0 in the present simulations.

III. RESULTS

In this paper, to investigate the dynamics of swimmers
in inhomogeneous fluid systems, we focus on the dynamics
of a single particle near a fluid-fluid interface. All simula-
tions 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. 1).

The radius of the squirmer is @ = 4A. The fluid-fluid in-
terface thickness & is of order unity with the present choice
of « =1 in Eq. (15), and the particle-fluid interface thick-
ness &, is set to 2. The parameter B; in Eq. (2) is set to
0.015, corresponding to a single-particle steady-state velocity
of Uy = 2/3B; = 0.01. The mobility « [Eq. (14)], the shear
viscosity 1, and the mass densities p = ps = pp = pp are all
set to 1. Then, the particle Re is Re = pUpa/n = 0.08, the
Péclet number (Pe) is Pe = Upa/xk = 0.08, and the Schmidt
number (Sc) is Sc = Pe/Re = 1.

Fluid B
U

Fluid A

FIG. 1. Schematic of a single swimmer near a planar interface
normal to Z. The swimmer’s squirming axis is &, and its angle with
the interface defines the orientation of the particle, which is denoted
as 6. The direction of motion is given by ¥ with relative angle to the
interface ¢.

A schematic of our system is given in Fig. 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, e denotes the swimmer’s polar axis which is taken to be
parallel to the body frame &' axis, and 9 = 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 x-z plane. The orientation 8 = 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 (Z - D).

A. Motion near the interface

To examine the motions of microswimmers near an inter-
face, we conduct a series of simulations in which a swimmer
approaches the interface with different angles of approach
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FIG. 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 inci-
dence angle |6;,| and swimming type f.

0in€(0, 7 /2). As motions with the same initial angle magni-
tude |6y, | are equivalent under a reflection symmetry, we will
focus on the case where 6;, > 0. After the swimmer leaves the
interface, the outgoing angle is denoted by 6.

To understand the trajectories realised in our paper con-
sider 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(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 6, < O.
In case (ii), the swimmer becomes trapped at the interface,
swimming on the x-y plane with 6., >~ 0. Finally, in case (iii),
the swimmer passes through the interfacial barrier, swimming
into fluid B with 6,, > 0. See the movies in the supplemen-
tal material for animations of typical bouncing, sliding, and
penetrating motion [30].

0 10 20 30 40 50 60
RL,
FIG. 3. Swimmer (8 = —2) trajectories showing repeated colli-

sions 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.

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(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 |6y, | is small, the swimmer will bounce back from
the interface (i). If |6y, | 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 6,, 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. 3. The steady-state motion is the same for all
B = —2 pushers, regardless of the initial angle. For a puller,
the magnitude of angle 0 increases during each pass, and
finally, the swimmer reaches a steady state moving perpendic-
ular to the interface. Thus, we consider that the swimmer type
has a strong effect on the dynamics near fluid-fluid interfaces.

B. Swimmer types

We consider the swimmer dynamics as a function of f.
Based on our simulation results, we obtain a map f relating
the initial angle 6;, to the outgoing angle 6., as presented
in Fig. 4. To interpret this diagram for the case of multiple
encounters, the 6,, achieved after one encounter should be
read in as 6;, for the subsequent encounter. The 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, re-
gardless of its motion (bouncing or penetrating) as illustrated
in Fig. 4(a).

Figures 4(b)—4(e) further illustrate the differences between
pushers and pullers with the same |B| values (1 < |B] <
4). Open symbols represent pullers, whereas filled symbols
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FIG. 4. Changes in the orientation angle 6 for swimmers with various g8 values: (a) 8 = 0; (b) B = %1; (¢c) B = £2; (d) B = £3; (e)
B = £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 .

represent pushers. From these graphs, we can observe that
the maps for swimmers with opposite values of 8 are nearly
symmetric about the diagonal 6., = 6j,, 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 inter-
face. However, the threshold angle that divides the bouncing
and penetrating behaviors is different for different swimmers
and depends on the g value. Even if pushers and pullers
start from the same initial angle 6;, 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 (6oy > 6iy)
and decreasing for the latter (8o, < 6i). 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 8 < —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.,
Oout 18 NOt necessarily zero).

Figure 5 shows how orientation angle 6 changes as a func-
tion of the distance from the nearest interface. Taking L = 0
as the dividing point of penetrating motion, and 8 = 0 as
the dividing point for bouncing motion, we can decompose
a complete interaction with the interface into two parts, cor-
responding 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) trajecto-
ries, which is not observed for pushers (a-b) or pullers (d-e).
Furthermore, for the case of pushers, the outgoing angle ap-
proaches a fixed value with the swimmers reaching a steady
state in which they bounce back and forth periodically at
this particular angle 6, = —6;, = 6* [marked in yellow in
Fig. 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 per-
pendicular 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. 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 [31]. 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(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 considered in this paper, i.e., alter-
nating fluid layers with identical properties for the two fluids,
the swimmer trajectories show convergence after several in-
terfacial interactions. We conduct a series of simulations
in the bouncing regime for different initial orientations 6y,
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FIG. 5. Quiver plot showing the time evolution of orientation
angle 6 for swimmers with various B values: (a) and (b) pushers
with (a) B = —3, (b) 8 = —1; (c) neutral particle; (d) and (e) pullers
with (d) B =1, (e) B = 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
nonzero f.

(i) Penetrating the interface perpendicular to the interface

T / (i) Bouncing back and forth at a fixed angle 6"

(iii) Sliding on the interface

o

FIG. 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 at a fixed
angle, while remaining in one of the fluid domains; (iii) a strong
pusher eventually slides on the interface.

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. 6): (i) swimming perpendicular to the in-
terface, (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(6in) — 6our, Which
represents the change in angle after a single collision with
an interface (Fig. 4). After the mth collision, the swimmer
has an orientation 6,, which will be the incidence angle
for the next (m + 1) collision such that """ = 6 . Figure 7
shows the changes in the swimmer orientation (8 = =£1) after
a sequence of m = 6 consecutive collisions. According to
Fig. 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. 5(d) and 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. 6. A movie showing these repeated
collisions and the resulting perpendicular alignment is given
in the supplemental material [30].

For initial angles other than the boundary cases of 6 =
£ /2, the terminal angle for a pusher will eventually con-
verge (after repeated interfacial collisions) to an intersection
point 6* that is located in the bouncing motion regime as
shown in Fig. 7(b). That is, pushers will always stabilize to
a state in which they (ii) bounce back and forth at a fixed
angle 6* as shown in Fig. 6. A movie showing these repeated
collisions and the resulting bouncing back motion is given in
the supplemental material [30]. This fixed angle 6* depends
on the value of 8 as illustrated in Fig. 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 z axis
and swim along it without any rotation [marked as yellow
points in Fig. 5(a)], as shown in Fig. 6. A movie showing this
sliding motion is given in the supplemental material [30].

IV. DISCUSSION

To the best of our knowledge, previous numerical studies of
swimmer dynamics at interfaces [14,32] have usually consid-
ered only far-field hydrodynamics or nonpenetrable surfaces.
In this paper we have considered a physical model in which
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FIG. 7. The changes in the orientation 6 for (a) puller (8 = 1);
(b) pusher (8 = —1) after it collides with the interface m times.

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 freely swim into the
other fluid (no restrictions are imposed on its dynamics).

The work of Gidituri et al. is related to ours [33].
They investigate the reorientation dynamics of spherical mi-
croswimmers trapped at fluid-fluid interfaces. A sinusoidal
dependence between the reorientation velocity 2r and angle
6 is proposed based on their analytical arguments. Their sim-
ulation results are in agreement with this prediction Q(8) =
Qr(B)sin 260 where the prefactor Qr(B) depends linearly
on B. To reproduce their conclusions, we also analyze our
simulation data when swimmers cross the interface. As shown
in Sec. B of the Supplemental Material [30], we are able
to reproduce the sinusoidal dependence between the reori-
entation velocity Qp and the orientation 6. In addition, we
also reproduce the linear dependence of the prefactor Q5 on
B. As expected (due to pusher/puller duality) for swimmers
with opposite B values, these prefactors 2r have the same

magnitude (opposite sign). Compared to the results of Gidituri
et al. [33], 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, consider-
ing 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.

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. [34], who observed that Pseudomonas aeruginosa ad-
sorbed onto an oil-water interface. This sliding motion was
also studied by means of a general multipole-expansion-based
singularity model for swimming microorganisms [35]. 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 vor-
tices, or swarms), which result from the collective dynamics
of microswimmers, are observed [3,36]. In the present paper,
we analyze only a single swimmer. This might help to ex-
plain why we predict instead that only strong pushers can be
trapped by an interface. The work of Li and Ardekani [11]
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/nonpenetrable
interface is, of course, accessible within our methodology.

V. CONCLUSIONS

In this paper 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) penetrat-
ing, (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 with
the interface. This will eventually reach £ /2 after repeated
interfacial collisions, after which the puller will swim perpen-
dicular 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
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FIG. 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.

interface. This improves our understanding of microswimmer
motion in environments involving soft interfaces, having some
similarity with those found in biology. Our paper may also
have some relevance in the context of bioengineering appli-
cations. For example, we could also incorporate additional
features into our model, such as the nutrient chemotaxis. This
represents an interesting aspect to be examined in future in-
vestigations.
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APPENDIX A: INERTIAL EFFECTS

All the simulations discussed above were conducted for
a fixed Re (relative swimmer speed normalized with a mo-
mentum transport rate), a fixed Pe (relative swimmer speed
normalized with a i transport rate), and a fixed Sc (rela-
tive 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 8 shows
the variation in the orientation angle with the distance of the
swimmer from the interface. The parameters used are the
same as those in Fig. 5(f), except for the values of U,. We
compare three cases of pushers with Re = Pe = 0.008, 0.08,
and 0.8 in Fig. 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
paper, 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.

APPENDIX B: SOFTWARE

All simulations presented in this paper 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 [37].
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