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Interface crossing behavior of prolate microswimmers: thermo and hydrodynamics
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We study the dynamics of prolate microswimmers traversing clean liquid-liquid interfaces. Using
large-scale lattice Boltzmann simulations, we observe that the swimmers can be either trapped or
cross the interface, depending on their initial angle, swimming speed, and the interfacial tension
between the two fluids. The simulation results are rationalized by considering a competition between
interfacial (thermodynamic) and self-propulsion (hydrodynamic) forces. The swimmers get trapped
at the interface due to a thermodynamic trapping force, similar to trapping of passive colloidal
particles at interfaces, when the forces from the interfacial tension dominate over the swimming
forces. The trapping behavior can be captured by calculating a critical capillary number, which
involves balancing the interfacial and self-propulsion forces. This prediction agrees remarkably
well with the numerical simulations. Finally, our results demonstrate that the torque resulting
in a reorientation of the swimmers parallel to the interface has both hydro and thermodynamic
components.

I. INTRODUCTION

The motility of microorganisms in an aqueous environment is important for their evolution. The locomotion helps
them in seeking nutrient-rich hot spots, for reproduction and to escape from protist predators. In particular, their
motion strongly depends on the feedback mechanism from the surrounding environment [I]. Such feedback can result
from any source, for example, another particle (passive or active) in the vicinity or a surface such as a wall [2] or
fluid-fluid interface [3, 4]. It is well known from the previous experimental [5H7] and numerical studies [8HI0] that
hydrodynamics dictates the movement of microorganisms such as bacteria when swimming close to a no-slip wall or to
fluid-fluid interfaces. Specifically, during the interaction with the fluid-fluid interface, in addition to hydrodynamics,
thermodynamics also modifies the dynamic behavior of micro-particles (passive and active) [I1]. Sometimes these
microswimmers gets adsorbed from the bulk onto the interface and straddle upon it [I2HI4]. For neutrally wetting
colloidal particles, thermodynamics drives such an adsorption process by reducing the available interfacial area, which
in turn reduces the interfacial energy [I5HIS].

The interaction between microswimmer and interface has recently attracted significant interest due to its applica-
tions, including biofilm formation [19], biomedical applications [20], and environmental remediation [2TH23]. Motivated
by this, several researchers have explored the interactions of microswimmers at and near the interface, encompass-
ing experimental [5H7, [13], theoretical [3, 24} [25], and numerical approaches[9] [10, 26-28]. For instance, Shaik and
Ardekani [3] studied the hydrodynamic behavior of a microswimmer near a weakly deformable interface. Using a
time-reversible squirmer, they reported swimmer either moves towards or away from the interface, depending upon its
initial velocity and orientation. Similarly, Desai et al. [29] investigated the hydrodynamics of microswimmers modeled
as a force dipole near a drop and found that the swimmers orbit around or scatter away, subject to the drop radius
(critical trapping radius) and basin of attraction. They concluded that the influence of hydrodynamic attraction does
not extend beyond three body length of the swimmer. Further, Feng et al. numerically investigated the dynamics
of a spherical microswimmer near a liquid-liquid interface with [10] and without [9] the viscosity contrast. They
observed different swimming states such as, bouncing, penetrating, hovering, and sliding over the interface. These
states are presented as a function of incident angle and microswimmer type. Given that microswimmers can exhibit
a variety of shapes, Nambiar and Wettlaufer [4] studied the hydrodynamics of a slender-shaped microswimmer near
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a deformable fluid-fluid interface. Their results reveal the mutual interaction (attraction and repulsion) between the
swimmer and the interface (deformation), governed by the swimmer’s configuration, position, and type (pusher or
puller). Later, they also analyzed the role of different types of stochasticities (random tumble and active Brownian)
on the reorientation behavior of the microswimmer [30]. Their findings revealed that both rotational and positional
shifts occurred, either toward or away from the interface.

While these studies have clearly analyzed the hydrodynamics interaction between the microswimmer and the fluid-
fluid interface, however the role of the interfacial trapping forces, arising from the wetting is often neglected. A recent
experimental study, Cheon et al. [6] examined the interaction between a rod-shaped bacterium Bacillus subtilis with a
liquid-liquid interface consisting of a coexisting isotropic-nematic phase. The results demonstrated that bacteria can
either be trapped or cross the interface depending on their velocity and initial projection angle. The trapping results
were rationalized considering an interfacial force and torque that arise from an interfacial deformation created by the
bacteria pushing on the interface between the isotropic and nematic states [6]. Further, the competition between the
interfacial and active forces has been observed to lead to a repartition of Bacillus subtilis in binary fluids consisting
of dextran (DEX) and polyethylene glycol (PEG) interfaces [7].

Motivated by these experiments, we study the trapping dynamics of a rod-like microswimmer at clean liquid-liquid
interfaces. We demonstrate that the trapping dynamics of the swimmers is dominated by a wetting mediated trapping
energy, akin to trapping of passive colloidal particles at liquid-liquid interfaces [31]. It can be captured by considering
a capillary number based on the ratio between a swimming force and and a force arising from the interfacial tension
oo between the two fluids: Ca = ugn/og, where ug is the swimming speed of the bacteria and 7 is the fluid viscosity.
When the thermodynamic forces arising from the interfacial tension dominate, the swimmer is trapped. Further, we
show that the rotational dynamics of the swimmers, arise from combined thermo and hydrodynamic torques.

A. Simulation Model and details

To study the microswimmer dynamics we use the lattice Boltzmann method (LBM)[32, B3]. To take care of the
7 2
swimmer geometry, the prolate swimmer is modeled as a 3-dimensional ellipsoid described by an equation Z—: + 5+

%2 = 1 where a > b = ¢, with a and b being the semi-major and semi-minor axes, respectively. The aspect ratio of
the prolate is defined as AR = 7. In the present work, we fix the value of AR at 3 with b = 4.

Hydrodynamics of the prolate microswimmer under Stokes flow is captured using the spheroidal squirmer model
[34]. In this scheme, a microswimmer is considered as a solid prolate particle with a prescribed slip velocity on the

boundary, defined as following
vy = —Bi(s.é)s — Ba((s.€)s (1)
where é is along the major axis. The surface tangent vector s is given as,
a2 — 22 vi—e .

s = — €+ ze|
\/a2 — 2,02 \/a2 2,72

when the major axis of prolate particle é is oriented along 2’ axis[35]. The spheroidal coordinate system term
(=22 +y?2 + (2 +ae)? — /22 +y2 + (2 — ae)?]/2ae.
The amplitudes of the slip velocity, By and Bs are the first two squirming modes, representing the source and force

dipoles, respectively. The ratio of these two squirming modes, B—Q, is called the squirmer coefficient, denoted by S.
1
This coefficient can be varied to model different types of microswimmers, such as pusher (8 < 0), puller (8 > 0),

and neutral (8 = 0). However, in the current study, we kept the § value at -1. Such a choice is motivated from
the experiments [6] on Bacteria (Bacillus subtilis), which is of a pusher type. The swimming speed ug for a prolate
microswimmer

g = Bre (e ' = (72 = 1) coth™!(e71)),

where € = /1 — 1 [36].

Next, a cubical simulation box with dimensions 160 x 160 x 160 is considered, where the interface is positioned
at the center of the box. The box has periodic boundaries in two directions, while solid wall boundaries are applied
along the plane parallel to the interface. The projection angle ¢g is defined as the angle between the interface and
the microswimmer orientation (€) along the major-axis (Fig. [1)).
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FIG. 1. A prolate microswimmer approaching towards the interface separating two fluids with self-propulsion velocity uo and
initial projection angle ¢g.

The existence of an interface is due to the presence of two immiscible fluids. To model the interface of a binary
fluid mixture, the Ginzburg-Landau type free energy functional is used [33] and is given as below.

P [av(~gu s Tot+ 5iver) )

Here v is the phase field variable. The temporal evolution of ¢ is governed by the Cahn-Hilliard equation,

o) +U -Vip = MV?p (3)

where U is the fluid velocity, M is the mobility, and p is the chemical potential derived from the free energy functional
in Eq. by u = g—i = Ay + By® — k|V%)|. The fluid velocity is obtained by solving the Navier-Stokes equation.

p(0;U +U-VU) = ~VP +nV*U - )Vyu (4)

where, the gradient of the hydrodynamic pressure P is supplemented by a thermodynamic force 1V u. The simula-
tions are carried out using a hybrid method, where 9 is solved by finite difference and U arises from lattice Boltzmann.
We used open source lattice Boltzmann code Ludwig (version 0.21.0) to carry out the simulations [37] B8].

For all the simulations reported in this work, the viscosities of both phases (1) = +1 and ¥ = —1) are maintained at
a constant value 7 = 0.625 and their densities are set to unity p = 1. The simulations are carried under low Reynolds
pUOQ 8k|A[3

o5z denotes an interfacial

~ 1072, The capillary number Ca = 0% G here o =
a9

tension. Ca was varied by t?zvo different ways: modifying the interfacial tension while keeping the self-propulsion
velocity constant, and in the other case varying the swimming velocity for a constant interfacial tension. In the first
case, the parameters of the binary fluid interface, including the bulk free energy coefficients, are varied within the
range A = —B = —4.9 x 1072 to —0.019, and the interface penalty x is varied from 4.8 x 1073 to 0.0189. This
results to interfacial tensions og ~ 4.6 x 1072 to 0.018, while keeping the velocity ug = 8.9 x 10™* constant. In
the second case, the interfacial tension is fixed at og ~ 0.012, with A = —B = —0.0133 & &k = 0.013 while the
propulsion velocity ug is incremented between 5.7 x 10~* and 0.0023. For all the simulations the mobility parameter

in the Cahn-Hilliard Eq. [3| M = 0.5 and the interfacial width yo = 4 /IQT,;\ =~ 1.4 were kept constant. The latter gives

number assumption, Re =

a Cahn number Cn = yg/a ~ 0.1, where a is the half-length of the swimmer. This compares favorably to reported
experimental numbers of Bacillus subtilis interacting with PEG-DEX interfaces [7] xo ~ 1 pm and bacterial length
~ 10 pm, giving Cn ~ 0.2.



Quantity Value in LU Conversion Factor Value in SI Units
Swimmer half-length (a) 12 L* =0.5 um 6 pm

Swimmer half-width (b) 4 L* =0.5 ym 2 pm

Interfacial width (xo) 1.4 L*=0.5 um 0.7 pum

Velocity (uo) 5.7x107* t0 2.3 x 107* u* =1m/s 5.7 x 107 t0 2.3 x 107* m/s
Dynamic Viscosity (n) 0.625 n*=5x10"*Pa-s 3.12x 107" Pa-s
Interfacial Tension (o) 4.6 x 107 t0 1.8 x 1072 0§ =5 x 107* N/m 2.3 to 9 uN/m

TABLE I. Conversion of lattice units (LU) to corresponding physical quantities in SI units.

Assuming a typical bacterial length ~ 12um, we can map a simulation length unit to SI units using 12 pm/24 LU =
0.5pum. Using the density and viscosity of water, and setting Re ~ 102 gives conversion factors 1m/s, 5 x 10~*Pa - s
and 5 x 107N /m for velocity, dynamic viscosity and interfacial tension, respectively. The key simulation parameters
with their mapping to SI units are given in table I}

II. RESULTS AND DISCUSSION

t =23000 t =45000 t=120000

t=12600 t =30000

-~

FIG. 2. Snapshots showing a neutrally wetting microswimmer either being trapped or crossing a clean liquid-liquid interface,
for Ca = 0.03 (top row) and Ca ~ 0.12 (bottom row) respectively. The initial projection angle is ¢o = 50° and the interfacial
tension o¢ &~ 6 uN/m.

We study the dynamics of a rod-like prolate-shaped swimming particle approaching a fluid-fluid interface at different
Ca = nug/oo and initial projection angles ¢o. The particle was initialized at vertical distance 5b below the interface
and its initial aligned angle ¢y was varied (Fig. [I). We consider swimmers that have equal affinity to both fluids,
corresponding to a contact angle § ~ 90° at the interface, which is similar to the experiments [6]. When a swimmer
reaches an interface, it penetrates the second fluid in and the contact angle between the two fluids and the particle
surface adopts =~ 90° (see intermediate times in Fig. . When the interfacial forces dominate, the particle is trapped,
and eventually aligns parallel along the interface (see Ca & 0.03 case (top row) in Fig. . When the self-propulsion
speed is increased, the swimmer can swim across the interface (see Ca ~ 0.12 case (bottom row) in Fig. [2]).

To study the dynamics, the particle trajectories were recorded across multiple capillary numbers and initial align-
ment angles ¢ (Fig. . When the swimmers are initially close to perpendicular to the interface, large ¢g, we observe
a smooth crossing of the interface, while for small shallow angles the swimmers get trapped at the interface (Fig. )
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FIG. 3. Trajectories in z — y space of a prolate swimmer for (i) Ca = 0.03 and (ii) Ca ~ 0.12 as well as (iii) in ¢ — y space, for
initial alignment angles ¢¢ =~ 10°, 50° and 80°, where y; is the interface position. The data corresponds to interfacial tension
oo ~ 6 uN/m and aspect ratio AR = 3.

The critical angle ¢g when this happens, depends on the capillary number (Fig. i). When the Ca is reduced, the
interfacial (trapping) forces dominate over the swimming forces and the swimmers are observed to be trapped at
larger alignment angles (Fig. [3}). Additionally, reorientation of the swimmer occurs along its trajectory (Fig. [3]ii).
Typically, the swimmer reorients towards the parallel of the interface, in agreement with previous simulations [9].
Interestingly, at shallow angles we observe initial reorientation towards the interface normal when the particle is well
below the interface, followed by realignment parallel to the interface after the particle has been trapped (see e.g.,
¢o ~ 10° curves in Fig. ii). The initial reorientation likely arises from the far-field hydrodynamics.

To understand the trapping in more detail, we mapped a phase diagram as a function of the capillary number Ca
and initial alignment angle ¢g (Fig. . As it is mentioned in the previous section (Sec. we considered two set
of simulations: one where the capillary number Ca = wgn/op is calculated by varying the interfacial tension og for
a constant velocity ug (blue symbols in Fig. [4) and other by varying wy while keeping o constant (red symbols in
Fig. [4).

A. Wetting induced thermodynamic trapping

We hypothesize that the observed trapping/crossing dynamics arise from the balance between interfacial trapping
and active swimming forces. Considering a passive spherical particle with a radius R at height h < R below a liquid-
liquid interface eliminates a planar area m (R2 - h2) = 7R? (1 — cos 9)2 from the interface, where 6 is related to the
contact angle between the two fluids and the particle surface. Considering an interface with an interfacial tension oy,
removing the particle into the lower fluid has an energetic cost E = wR?0q (1 — cos 9)2 [BI]. For neutrally wetting
particles, 6 = 90°, as in our simulations, this gives a trapping energy E = 7R?0y.

We assume that this is the dominant trapping mechanism in our simulations. For a prolate swimmer, the area
removed from the interface takes the shape of an ellipse and depends both on the aspect ratio a/b as well as the
alignment angle, ¢ [39]

mwab?
A (o) = : (5)
Vb2 cos? ¢ + a2 sin? ¢
This gives an angle-dependent trapping energy
th(d)) = Arnl(¢)007 (6)

where the thermodynamic trapping increases with decreasing ¢ and reaches the maximum when the rod-like particle
is parallel to the interface ¢ ~ 0.

In order the swimmers to escape a thin interface, they need to swim a distance L.g = \/ a? sin? ¢ + b2 cos? ¢,
corresponding to a half-length of an ellipsoid perpendicular to the interface, to overcome the energy barrier with a
height Ef,. We can now estimate the magnitude of the trapping force as Fin, ~ EL /Leg. The self-propulsion force
of the swimmers perpendicular to the interface, can be estimated using Stokes’ law: Fyyim & [itransUo Sin ¢, where
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FIG. 4. A state diagram of a prolate microswimmer showing crossing (triangles) and trapped (circles) states as a function of
the capillary number Ca = won/oo and initial alignment angle ¢o. The red (blue) symbols correspond to simulations where
the swimming speed uo (interfacial tension o) was varied. The white symbols represent the experiments of Bacillus Subtilis
crossing an isotropic-nematic interface [6]. The solid white line represents a critical capillary number, calculated from a balance
between swimming (self-propulsion) and interfacial (trapping) forces (Eq. [T} see text for details).
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FIG. 5. (i) The normalized velocity shows the fluctuations when the prolate swimmer crosses the interface located at y = y;.

(ii) Temporal evolution of the orientation ¢ of the microswimmer during the interaction with the interface, where oo ~ 6 uN/m.
The open and closed circles indicate the particle-interface interaction onset and offset points, respectively. The onset and offset
points are at y~yi F Les, below and above the interface.
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and ug sin ¢ is the speed perpendicular to the interface. When the swimming force is larger than the trapping force,

the swimmer can escape the interface. By equating these two competing forces, we can estimate a critical capillary

denotes the translational drag coefficient of a prolate particle moving along its major axis [40],
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sin ¢(a? sin? ¢ + b2 cos? )
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(7)

which predicts the boundary between the crossing and trapped states (solid white line in Fig. |4), and agrees very well
with the simulation data (blue and red symbols in Fig. .

Interestingly, our simulations and the equation [7] agree reasonably well also with the experimental observations of
Bacillus subtilis crossing an isotropic-nematic interface [6] (white symbols in Fig. . To compare to the bacterial
experiments, we converted the data given in Fig. 2 in [6] using the supplementary figure S8 with the reported values
for swimming speed 15-35 pms~', viscosity n ~ 30mPas and interfacial tension oo ~ 10uNm~' [6]. Even if the
agreement is reasonably good, we should note that we consider an interface between two Newtonian fluids, and the
dynamics is dominated by a wetting-mediated interfacial trapping force, similar to trapping of passive particles at
liquid-liquid interfaces. On the other hand, while in the experiments the swimmers have a contact angle ~ 90°, the
interface is between an isotropic fluid and a non-Newtonian (nematic) phase. The experimental observations were
explained by a mechanical argument based on a repulsive force and a corresponding torque arising from a deformation
created by the tip of the bacteria pushing onto the interface [6].

B. Swimmer dynamics

The dynamics of the swimmer is strongly influenced by the presence of a liquid-liquid interface. During the early
stages of the trajectory, a swimmer speeds up at the onset of particle-interface interaction and then slows down until
complete separation from the interface (Fig. [5f). This is consistent with a thermodynamic potential corresponding to
trapping of neutrally wetting particles at liquid-liquid interfaces [3I]. When the Capillary number Ca increases, the
overall change in swimming velocity during interface crossing decreases (Fig. [5i). This likely arises from hydrodynamic
effect between the swimmer and the interface.

The changes in the translational motion are accompanied by rotational motion (Fig i). The swimmers are observed
to reorient towards the interface. This is in agreement with previous studies [8 9], where spherical pusher-type
microswimmers, have been observed to reorient parallel to an interface due to a hydrodynamic torque. However, in the
case of a prolate-shaped swimmer, rotational motion can have an additional thermodynamic component. Additionally,
it is interesting to note that the exit angle of the swimmer traversing the interface remains approximately same, whereas
the rate of orientation increases with increasing capillary number Ca (Fig. i). This can be understood by considering
that the capillary number is modified by increasing the swimming speed ug ~ By, while the ratio between the force
and source dipoles 8 = Bs/Bj &~ —1 is kept constant. The hydrodynamic torque of a swimmer at an interface, is
predicted to scale linearly with the force dipole strength ~ B [], while any thermodynamic component should remain
constant for a constant interfacial tension. Now the time spent at the interface is inversely proportional to Ca, while
the hydrodynamic torque should scale linearly with Ca when g is constant, explaining the approximately equal exit
angles observed in Fig. [}i.

In the absence of perturbations, a single swimmer moves with a speed ug in a bulk fluid. To evaluate the effect
of the presence of a liquid-liquid interface, we consider a velocity component u,(t) — ugsin¢ perpendicular to the
interface (Fig. @) From the simulation data u, — ugsin ¢ (Fig. @), a trapping energy can be estimated as, AEL ==
—fttrans [ (uy — uo sin ¢o)dy (Fig. @1) In an ideal situation, in the absence of hydrodynamic flows (Ca = 0), one would
expect a smooth parabolic potential with a minimum at the middle of the interface(i.e., h = 0).

For reasonably small capillary numbers, we observe an initial speed up of the vertical velocity, followed by a smooth
reduction of the speed (Fig. @) The integrated trapping potential is parabolic (see e.g. Ca =~ 0.03 in Fig. |§| ii).
When the Ca is increased, both the interface-induced variations in the particle velocity become non-monotonic (see
e.g., Ca ~ 0.075 and 0.12 in Fig. @1) Also the position of the trapping potential minimum deviates (rightward shift)
significantly from the ideal case (Fig. @1) However, the maximum trapping energy, given by the potential minimum,
remains more or less constant across the Ca considered, which implies a constant thermodynamic trapping due to a
constant value of the interfacial tension and alignment angle ¢.

This observation is consistent with the theoretical thermodynamic trapping potential AE}, (h, ¢) of a prolate swim-
mer (Eq. , which can be defined in terms of the A, as a function of the offset height h and alignment angle

¢

Ath(h7¢) = —00Arm(h, ), (8)
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FIG. 6. (i) The velocity component perpendicular to the interface uy, — ug sin ¢ for Ca = 0.03, 0.075, 0.12 at fixed initial
alignment ¢o ~ 80°. (ii) The corresponding calculated spatial trapping potential AE% = = —pitrans [ (uy — uosin¢o)dy. (iii)
and (iv) uy — uo sin o and AE?  for ¢o = 10°, 50°, 80° at fixed Ca = 0.03, respectively. The data corresponds to interfacial
tension o¢ ~ 6uN/m.

where,

2 2 . 2 2 2 2
mab"[(a”sin” b cos” O)=h] - if 2 < ¢25in2 ¢ + b2 cos? ¢

(a2 sin? ¢+b2 cos? ¢) 2 (9)
0, otherwise

Arm (¢7 h) =

The cutoff corresponds to the half-length of the ellipsoid perpendicular to the interface L.g = \/ a?sin? ¢ + b2 cos? ¢.
As the eq. [8] suggests, the potential energy depends on the alignment angle ¢, where the maximum trapping is
predicted for swimmers parallel to the interface ¢ =~ 0. Our simulations agree with this. For a constant value of
capillary number, Ca =~ 0.03, reduction in ¢ from angles close to interface normal i.e. 90° to a shallow angles 10°, a
larger velocity component normal to the interface (Fig. @ii) consequently a deeper potential is observed (Fig. @V)
We can also calculate the evolution of the binary fluid free energy (Eq. as a function of the particle’s distance,
y, from the interface. Now the trapping potential AEP can be extracted by calculating the difference in thermo-
dynamic free energy when the swimmer is in the interface interaction region and the bulk region (Fig. E[) Using
this method, we obtained reasonable quantitative agreement between the theoretical potential Eq. |8 (solid lines in
Fig. @ Comparing the simulations and theoretical results, it is observed that that in the simulations the effective
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FIG. 8. Rate of reorientation of a prolate swimmer interacting with a fluid-fluid interface with an initial alignment angle
¢o ~ 80°. (i) The temporal evolution of the orientation angle ¢ (in radians), the solid lines represent the linear fit, from

which the slope (£2) has been obtained. (ii) The reorientation rate Q = It calculated from the linear fits in (i) as a function
of the capillary number (Ca). (iii) The reorientation rate 2 calculated for a passive ellipsoid (blue line) and two ellipsoidal

shakers By = 0, B2 # 0 corresponding to Ca & 0.03 and 0.12 (see text for details). The simulations correspond to aspect ratio
AR = a/b = 3 and interfacial tension oo ~ 6 uN/m.

range of swimmer—interface interaction is larger than Leg(¢). This is especially visible for shallow angles, particularly
at ¢ = 10° (yellow symbols in Fig. i). This discrepancy can be understood considering the phase trajectory (y
vs ¢) of the swimmer (Fig. ii). For the initial angle ¢g = 10, it is observed that below the interface swimmer is
reorienting perpendicular to the interface, reaching a maximum alignment angle ¢ =~ 30 and thus increasing its Leg.
A similar reorienting behavior towards the interface normal is also reported in the bacterial experiments [6]. This
reorientation is likely due to a hydrodynamic torque, Thydro, arising from the coupling between the far-field flow-fields
of the swimmer and the interface. The increased angle ¢ makes the apparent Leg(t) > Lea(¢o), thus the particle
surface reaches the interface at distances y > Leg (o).

The integrated potentials from the particle dynamics (Fig. @ agree qualitatively with the potentials calculated
from the free energy (Fig. E[) However, in the case of particle dynamics, the apparent maximum trapping energy is
reduced. This is likely due to hydrodynamic interactions between the swimmer and the interface. It should also be

noted that in the integration, a constant drag coefficient fitrans = m‘gi"_““ corresponding to a prolate particle moving
a0,
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along its long axis [40], was used. However, the drag coefficient itself likely depends on the distance and other details
when the particle is near an interface [41H44]. Despite these discrepancies, all the data support the idea of trapping
the swimmers via wetting-induced thermodynamic potential, akin to thermodynamic trapping of passive colloidal
particles at interfaces [31].

Previous studies have proposed, that spherical pusher-type microswimmers at an interface with no viscosity contrast
tend to align parallel to the interface due to a hydrodynamic torque arising from the force dipole By flows [8, [9]. We
assume a similar mechanism in our rod-like swimmers as well. However, the torque for a prolate-shaped particle
should also include a thermodynamic component Tihermo, aligning the long axis of the ellipsoid along the interface. To
evaluate the reorientation of the swimmers, we considered swimmers crossing the interface with an initial alignment
angle ¢y ~ 80 for various capillary numbers Ca = 0.03...0.12 (Fig. , for a fixed interfacial tension og. In all the
cases, the swimmers were observed to reorient towards the interface (Fig. )7 with the reorientation rate increasing
linearly with the capillary number (Fig. i). To study the reorientation in more detail, passive particle and two
shakers (B; = 0; By # 0) corresponding to Ca = nBs/oy ~ 0.03 and 0.12 were considered (Fig. [8jii). In all the
cases, the particles were initialized in the middle of the interface with an initial alignment ¢y =~ 80. The results agree
qualitatively with what is expected. The swimmer with the largest Ca, corresponding to highest force dipole strength
B,, is observed to rotate fastest, while the passive ellipsoid is the slowest. This suggests that the reorientation arises

from a torque 7 with both thermodynamic and hydrodynamic components 7 = Tihermo + Thydro, Where Thydro ~ Ba

OAE?
and Tthermo ™~ — g, *

C. Conclusions

We have investigated the dynamics of a prolate-shaped microswimmer approaching a liquid-liquid interface between
two Newtonian fluids. We observe that the swimmer can either be trapped or cross the interface, depending on its
swimming speed, orientation angle, and the interfacial tension between the two fluids. We propose a model, where
the swimmers are trapped due to a wetting induced thermodynamic trapping potential, similar to the thermodynamic
trapping of passive colloidal particles at liquid-liquid interfaces [31]. Now, the trapping dynamics of the swimmer
can be understood by balancing swimming (self-propulsion) and interfacial forces by considering a capillary number
Ca = ugn/op, which gives the ratio between these. Further, our results demonstrate that the reorientation of the
swimmers occurs via combined hydrodynamic and thermodynamic torques, which both rotate the swimmer parallel
to the interface. The hydrodynamic torque that arises from the force dipole By term increases linearly with Ca for
B ~ —1 swimmers, whereas the thermodynamic torques remain constant for a fixed aspect ratio AR and interfacial
tension. We anticipate that the result presented might be applicable to a wide variety of systems, including artificial
or bacterial swimmers traversing clean liquid-liquid interfaces.
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