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Controlled navigation of self-propelled active matter in complex biological environments has remained a
significant challenge in engineering owing to a multitude of interactions that persist in the process.
Active droplets, being some of the several synthetic active matters, have garnered significant attention
owing to their ability to exhibit dynamic shape changes, self-sustained motion, interact with external
stimuli such as flows, and mimic biological active matter. Here, we explore the dynamics of a self-
propelled active droplet powered by the oscillatory Belousov—-Zhabotinsky (BZ) reaction in the presence
of a shear flow. We adapt a multicomponent lattice Boltzmann method (LBM) in conjunction with
the phase-field model to simulate the droplet's interaction with the surrounding fluid. We unravel the
collective effect of droplet deformation, reaction kinetics, and strength of the surrounding shear flow on
droplet dynamics. Our findings depict that the shear flow disrupts the initial isotropic surface tension,
and produces concentration nucleation spots in the droplet. The asymmetry thus generated produces

Received 9th December 2024, Marangoni flow that ultimately propels the droplet. Our findings provide valuable insights into the

Accepted 11th February 2025 mechanisms governing active droplet behavior and open new avenues for designing controllable
DOI: 10.1039/d4sm01464b synthetic active matter systems with potential applications in microfluidics, targeted delivery, and

biomimetic technologies. In addition, our framework can potentially be integrated with the physics-
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1. Introduction

The intricate interplay between mechanical and chemical
(phoretic) forces poses a significant challenge in biological
and synthetic active matter." In this context, synthetic swim-
mers that mimic biological systems, such as active droplets,
have been developed and studied®*° in an attempt to account
for the biological, physical and chemotactic coupling. Recently,
approaches like physics-informed machine learning (PIML)
have emerged as powerful tools, integrating the model equa-
tions that govern physics with machine learning, to capture
diverse behaviors in active matter systems.'" On the other
hand, the lattice Boltzmann method (LBM) remains a popular
approach due to its computational efficiency and inherent
ability to handle multiphase flows and chemical transport in
complex geometries, making it particularly suited for studying
active droplet dynamics under diverse conditions.'* Together,
insights from LBM can complement PIML-based frameworks
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informed machine learning framework to develop more efficient mesh-free methods.

by providing robust and detailed understanding of underlying
mechanisms, enabling more accurate and versatile modeling
strategies. While most studies on active droplets have focused
on quiescent environments,"*™> real-world scenarios often
involve dynamic external flows,'® such as shear flow, which
not only influences droplet dynamics but also introduces a
symmetry-breaking mechanism critical for self-propulsion in
active matter.> Here, we investigate the impact of shear flow on
the dynamics and self-propulsion of active droplets powered by
the oscillatory Belousov-Zhabotinksy (BZ) reaction,"”'® aiming
to navigate the droplet in the fluid that surrounds it. Our
findings present ways to control the locomotion of active
droplets offering avenues for their application in microfluidics
and drug delivery applications."® Moreover, the approach pre-
sented in this work can be integrated with the PIML frame-
work'" to increase the computational efficiency significantly as
it eliminates the need for mesh-based computations.

A fundamental aspect of active matter research is the
process of self-propulsion, which is prevalent in both biological
and synthetic systems.?*>* The synthetic systems often rely on
chemical reactions, interfacial dynamics, or external energy
inputs to generate asymmetry in physicochemical properties
at their surface and achieve directed motion.***’ For instance,
solid Janus particles coated with two different metals use asym-
metry in surface chemistry where one side catalyzes chemical
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reactions such as decomposition of hydrogen peroxide, whereas
the other side remains inert.*® The subsequent asymmetry gen-
erates local gradients in concentration or temperature, generating
diffusiophoretic forces that propel the particles through the
surrounding fluid at speeds ranging from 10-500 pum s '.*°
On the other hand, liquid based active droplets employ
Marangoni flow®® - an interfacial flow from lower to higher
surface tension - to achieve directed motion. In reaction-driven
active droplets, chemical reactions alter the surfactants’ activity
at the droplet interface.**® Consequently, the interfacial tension
either increases or decreases dynamically,®" creating surface ten-
sion gradients that generate Marangoni flows along the interface,
enabling the droplet to propel itself through the surrounding
medium.

In this work, we focus our attention on active droplets driven
by the BZ reaction owing to several advantages. The inherent
asymmetry associated with the BZ reaction facilitates self-
propulsion with minimal external intervention,®* allowing
the corresponding oscillations and flows to persist for longer
durations compared to other systems. Moreover, active BZ
droplets are not constrained by the loss of mass observed in
solubilization-driven droplets due to the continuous consump-
tion and generation of reactive species. Furthermore, the tune-
ability of the BZ reaction kinetics to external stimulus such as
light offers mechanisms to control the droplet’s motion. For
instance, light with spatially varying luminosity has been used
to control the motion of an active droplet driven by a photo-
sensitive BZ reaction.®® In addition, the swimming speed of the
droplet is shown to be enhanced in the presence of Ceria
nanoparticles (CeNPs) due to the enhancement of oscillation
frequency of the BZ reaction by the nanoparticles.>* Moreover,
the BZ reaction displays a plethora of dynamic behaviors®®
making the BZ droplet an interesting candidate to study active
matter dynamics. By applying PIML to BZ droplets, one can
explore the transition from individual droplet motion to col-
lective dynamics in active BZ droplets, which is a fascinating
problem that yet remains unexplored. PIML incorporates phy-
sical laws as constraints within the learning process, reducing
the reliance on computationally expensive simulations and
enabling accurate modeling of complex systems like multi-
droplet dynamics while maintaining physical correspondence.*®
Lastly, the resemblance of dynamics of several biological pro-
cesses, such as adenosine monophosphate signaling in slime
molds, for instance, to that of BZ reaction,’” makes the BZ
droplet a suitable candidate to delve into the large-scale cellular
flows observed in biological systems.*®

Several external stimuli ranging from magnetic, thermal,
and concentration fields, have been employed to control the
motion of active matter.>*** Numerous experimental and
simulation-based studies have been conducted to explore the
interaction of aforementioned fields with surrounding fluid
flows, drawing inspiration from various biological systems.”***3~%>
Though mesh-based techniques such as the finite difference
method (FDM),*® finite element method (FEM),*” and finite
volume method (FVM)*® have been used previously, meshless
tools such as physics-informed neural networks (PINNs) have
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emerged in recent times integrating physics-based information
with machine learning in attempts to capture the plethora of
behaviour observed in active matter. Nonetheless, LBM has
continuously garnered attention due to various reasons that
have been mentioned previously.

One of the earliest numerical models to simulate active BZ
droplets employed LBM to reveal a strong correlation between
the droplet’s swimming speed and the chemical waves propa-
gating within it.*> Our previous findings identified key para-
meters influencing droplet dynamics and classified its motion
into two distinct types: sustained and decayed.’® The influence
of an external stimulus such as an external flow on BZ droplet
dynamics, however, remains unexplored and poses a fascinat-
ing problem statement due to several reasons. In the presence
of shear flow, the internal mechanisms of droplet propulsion
are directly coupled with the external deformation and solute
transport, significantly altering the droplet’s behavior. More-
over, shear flows deform droplets, alter reactant distributions
at their surface, and introduce spatiotemporal variations in
forces that propel them.**”* The interaction between the shear
flow and chemical activity introduces complex feedback mecha-
nisms that make the dynamics of BZ droplets unique compared
to passive systems. For instance, while passive droplets deform
and align according to viscous and capillary forces, active
droplets exhibit additional complexities due to their internally
driven flows.>*">* Studies have shown that under moderate
shear, solubilization-driven active droplets can exhibit asym-
metric migration and oscillatory motion due to the interplay
between internal Marangoni forces and external shear.” Here,
we investigate shear-induced asymmetry generation in an active
BZ droplet and unravel the types of droplet motion based on
the interaction between the shear flow and chemical field. The
interplay has profound implications for understanding natural
systems, such as the motion of cells in blood flow or vesicles in
capillary channels, and for designing synthetic swimmers in
microfluidic environments."®

In this article, we numerically investigate the shear-induced
droplet deformation, solute distribution, and concentration
asymmetry generation, leading to diverse droplet behaviors.
Fig. 1 shows an immiscible, neutrally buoyant droplet of radius
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Fig. 1 A schematic representation of the active BZ droplet in a shear flow
imposed by moving the top wall at a speed of V,,. The droplet diameter is
2Ro and is propelled with a velocity V4. The red and blue colors inside the
droplet denote low and high concentrations of active species, respectively.

This journal is © The Royal Society of Chemistry 2025
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R, placed at the center of a channel in which a shear flow is
imposed by moving the top wall at a speed of V,, in the positive
x-direction. The reaction is contained in the droplet and thus,
the concentrations of the active species inside the droplet
fluctuate periodically in accordance with the BZ reaction,
whereas they relax towards constant values in the bulk. The
surrounding fluid flow generates inhomogeneity in the concen-
tration, thereby producing Marangoni flow and propelling the
droplet at a speed of V4. By systematically varying the shear rate
and solute parameters, we reveal transitions between steady
and oscillatory migrations in the BZ droplet. These findings
provide critical insights into the coupling of internal chemical
oscillations with external hydrodynamic forces and open avenues
for designing bioinspired active systems capable of navigating
complex flow environments. Through this work, we aim to
address key questions about the role of shear flow in driving
emergent behaviors, thus contributing to the broader under-
standing of active matter in dynamic fluidic contexts.

2. Methodology

Here, we present the model equations governing the dynamics
of the active BZ droplet. Specifically, in our current framework,
the motion of the fluid, both inside the droplet and its
surroundings, is described by the velocity field (u). The regions
inside and outside the droplet are identified using the local
concentration (¢) of the droplet’s fluid that serves as the phase
field variable. In other words, the interface between the droplet
and the surrounding fluid is tracked using ¢, which varies
smoothly along the interface but has the value 1 inside the
droplet and 0 elsewhere. On the other hand, the oscillatory BZ
reaction, taking place inside the droplet, is captured using
concentrations, ¢; and c, of the two key species, known as the
activator and oxidized catalyst, respectively.

2.1. Phase-field modelling and hydrodynamics

The phase field variable ¢ used to track the droplet phase
evolves as®

E-&-(wV)qb:V-{M(Véﬁ—%éb(l—ﬁb)ﬁ)} )

where ¢ and M are respectively the interface thickness and
mobility, and 7 = V¢/|V ¢| is the outward-pointing unit normal
vector at the droplet interface. Across the interface (r = ry),
¢ varies smoothly as*’

o(r) = %{l — tanh (@) } (2)

where r is the position vector. Although the variable ¢ distin-
guishes the two immiscible fluids that constitute our system,
the hydrodynamics of both the fluids are governed by the
continuity and momentum balance equations

Vau=0, (3)

p{%+ (u- v)u} = =Vp+nV - {(Va) + (Va)'} + Fe. (4)
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where p is the hydrodynamic pressure, p is the fluid density,
and 7 is the dynamic viscosity. The continuity equation above
(eqn (3)) stems from the incompressible nature of the fluids in
our system. The term F in eqn (4), which accounts for the force
that arises due to interfacial tension, is given by

Fs = H¢V¢ (5)

where,

Hep = Hpbulk + Hint = 2ﬁ¢(¢ - 1)(2¢ - 1) - KVZ(/) (6)

is the chemical potential for the binary fluid system calculated
based on the free-energy.’® Here, upun = 2f¢(¢p — 1)(2¢ — 1)
corresponds to the bulk free-energy term and pne = —kV>¢
corresponds to the energy penalty term associated with the
interface formation, with x and f being the energy penalty and
bulk energy parameters related to surface tension ¢ as = 120/¢
and x = 30&/2.1?

2.2. The BZ reaction

As time progresses, the activator and oxidized catalyst concen-
trations fluctuate periodically inside the droplet; these changes
are governed by the coupled convection-diffusion equations*’

Ocm
ot

+V.cqu=V-(D,Vu,)+Jn, m=1.2 (7)

where u,,, D,, and J, are the chemical potential, diffusion
coefficient, and source term for species m, respectively. The
term J,, accounts for the generation/consumption of species m,
and is mathematically given using the two-variable Oregonator

model as'”
(
J] =—|1C —C
&

o=t —C (9)

where the dimensionless parameters ¢, a and b represent the
reagent concentration, reaction rate constant, and stoichio-
metric factor, respectively. Furthermore, the concentration of
chemical species 1, which is assumed to act as a surfactant,*’
varies at the interface according to eqn (7)-(9), and thus affects
the surface tension”® via the energy penalty parameter x as

(8)

c1+a

) bex(er — a))

Kk =Ko {1 + Axtanh({(c; — &)} (10)

Here, the coupling parameters®® Ax and { determine how
rapidly k changes when c; is perturbed about its reference value
ci¢f, It is to be noted, however, that the above equation offers a
simplistic mechanism to couple the kinetics of the BZ reaction
with hydrodynamics, while still capturing several experimental
properties observed in BZ droplets.*””° Moreover, as the
chemical oscillations driven by the periodic oxidation and
reduction of the catalyst induce oscillations in ¢; between high
(c; = ¢ and low (c; = ¢™™) values, the reference value is
chosen to be ¢{"™. The tanh profile in eqn (10), along with the
condition |Ak| < 1, ensures that the parameter k, and in turn

the surface tension ¢, are always positive. Furthermore, the
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chemical potentials of the two species are given by*°

1/dx 2
o = e+ (55 Ivol (1)

Ha = V2C2 (12)

Here, 7, and y, are the activity coefficients of species 1 and 2,
respectively. The second term on the RHS in eqn (11) represents
the contribution of preferential sorption of species 1 to the
chemical potential.*® The chemical potential u,, however, remains
unaltered as species 2 exhibits no sorption at the droplet
interface.*’

2.3. Lattice Boltzmann method

We use the two-fluid multicomponent LBM to solve the govern-
ing equations of our system, which are given by eqn (1), (3), (4)
and (7). We employ four probability distribution functions f{*)
(j =1, 2, 3, 4), on a two-dimensional rectangular lattice of
spacing Ax, to capture the spatiotemporal changes in concen-
trations ¢; and c,, phase field variable ¢, and hydrodynamic
pressure p, respectively. The generalized expression for the
evolution of all four distribution functions is given by the
Bhatnagar-Gross-Krook (BGK) approximated LB equation

100 £ )

T

f;(/) (,, + e,-At, t+ A[) :f;(/) (1’7 [) —

+ A1V (13)

Here the subscript i denotes the lattice direction, and e; refers
to the lattice velocity which is chosen such that e;At links a lattice
site to all its nearest neighbors. The lattice velocity defined as per
the D,Qy scheme, is given by

(0,0), i=0

e; = ¢ (cos0;,sin0;), 0, =3G{—-1mn/2,i=1-4 (14)

(cos0;,sin0,)v2, 0;= (2i—9m/4, i=5-8

Ax . . .
where ¢ = A s determined using the length and time scale,

Ax and At, respectively. The terms f{/*4 and 5/ in eqn (13)
denote, respectively, the equilibrium distribution function and
the source term for a particular f{). Furthermore, the term 7;in
eqn (13) represents the relaxation time that determines the

1
diffusive property N; = ¢ (r_,- - 5) At, where ¢ = ¢*/3 is the

speed of sound. Specifically, the diffusivities of species 1 and 2
are represented by N; and N,, mobility for phase-field variable
(M) by N3 and momentum diffusivity (v) by N,. Additional details
of the LB implementation are summarized in Table 2 (see
Appendix A).

The calculations are conducted on a finite Cartesian grid
representing a channel bounded by moving walls in the
y-direction while extending infinitely in the x-direction. Specifi-
cally, periodic boundary conditions in the x-direction simulate the
infinite channel length, whereas a mid-grid bounce-back scheme
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with a correction term for wall velocity incorporates the wall
presence in the y-direction. Furthermore, the no-flux boundary
condition is applied to reactive species (both 1 and 2), and the
neutral wetting behavior (i.e. a contact angle of 90°) and no-slip
condition are enforced for the phase field variable and fluids,
respectively.>®

2.4. Choice of parameters

The lattice Boltzmann simulations are performed on a domain
of length 2000 units and a height of 240 units, with a droplet of
60 lattice units placed within it. The ratio of channel height to
droplet diameter is chosen to be 4 such that excessive confine-
ment effects on the droplet are avoided while maintaining the
physical relevance of the results.”® The densities of both the
fluids are taken as unity to minimize the effect of buoyancy;
and the interface mobility M and the kinematic viscosity of the
fluid v are chosen as 1/6 and 1/3 by setting the relaxation times
for the phase field parameter (73) and fluid (z,4) to 1.00 and 1.50,
respectively.>® Furthermore, the relaxation times for advection-
diffusion equations, t; and 7,, are chosen as 0.800 and 0.503,
respectively; these values correspond to the diffusivities of ¢,
and ¢, as 0.100 and 0.010. The parameters associated with the
chemical potentials, y; and y,, are equally set to 0.05.*° The BZ
reaction parameters from the Oregonator model are chosen
based on the standard recipe,’®*® which correspond to the
sustained chemical oscillations, as ¢ = 0.0152, a = 0.001, and
b =0.550. We map all the specified parameters to physical units
using a length scale of 1/60 mm and a time scale of 5/54 ms.
Hence, for instance, a wall speed of 0.005 in lattice units
corresponds to a speed of 9/10 mm s~ *, typically observed in BZ
droplets.>® Furthermore, we use the viscosity of water as a
reference to map the other quantities into their corresponding
physical units, and present them in Table 1.

3. Results and discussion

In this section, we discuss our simulation results depicting
droplet’s behavior under various flow conditions. First, we
analyze the effect of surrounding fluid flow on droplet’s motion
in the absence of Marangoni flow in Section 3.1. Subsequently
in Section 3.2, we explore the flow-induced droplet’s dynamics
by enabling Marangoni flow via the coupling of concentration
¢; and surface tension of the droplet. Finally, we conclude our
work by depicting droplet’s motion when subjected to tempor-
ary shear flows.

Table 1 A mapping of simulation to physical parameters

Parameter LB units Physical units
Lattice spacing Ax 1 1/60 mm
Unit time step At 1 5/54 ms
Viscosity v 1/3 1073 Pa's
Droplet diameter D 60 1 mm
Surface tension ¢ 0.06 1mNm*'

This journal is © The Royal Society of Chemistry 2025
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3.1. Droplet dynamics in the absence of Marangoni flow

Fig. 2 shows the generation of inhomogeneity in the distribu-
tion of ¢; (the nucleation site) at the droplet interface due to the
flow of the surrounding fluid. Here, we explore the shear-
induced BZ droplet dynamics in the absence of Marangoni
flow {Ax = 0 in eqn (10)} to demonstrate the role of shear flow in
producing asymmetry in the concentration at the droplet inter-
face. In particular, Fig. 2(a) illustrates the decomposition of the
total flow visualized in the droplet’s frame of reference into
the extensional and rotational components. The extensional
component of the fluid velocity is given by E-r, where r is the

G) {(Va) + (Va)T} is the

symmetric part of the velocity gradient tensor Vu, whereas

position vector, the tensor E =

the rotational component is calculated as .r with Q =

(%){(Vu) — (Vu)T} being the antisymmetric part of Va.®’
Furthermore, the compressional axis intersects the droplet’s
interface at the ‘poles’ as shown. Initially, a droplet of uniform
concentration is placed at the center of a channel of 2000 x 240
dimensions, and a shear flow is applied by moving the wall at
y = H (see Fig. 1) at a speed of V,, = 5.0 x 10~ >; however, only an
area of 120 x 120 is shown in every timed snapshot in Fig. 2(b),
in the droplet’s frame of reference. The contour colors corre-
spond to the concentration of ¢;, with red and blue corres-
ponding to the respective reduced and oxidized states of the
catalyst; the droplet outline is marked in magenta. Moreover,
the white curves with arrows indicate the extensional compo-
nent of the fluid velocity in the droplet’s frame whereas the

(@
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—
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Flow in

Imposed flow droplet's frame
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white arrow inside the droplet indicates the instantaneous
direction of droplet’s motion at its center, i.e., the orientation
vector. Note that only the extensional flow is shown since, the
other component of fluid velocity - the rotational flow — induces
mixing throughout the droplet,”® making it uninformative in
locating asymmetry. It is important to note, however, that the
rotational component of the imposed shear flow is always present,
unlike the time-varying nature of the Marangoni flow. Together,
these flows influence the propagation of chemical waves emanat-
ing due to the BZ reaction, as we shall demonstrate in the
subsequent sections. Furthermore, the internal streamlines have
been omitted for clarity and the droplet’s internal region is
represented by its orientation vector. Let us now examine the
evolution of the concentration field in the droplet’s vicinity with
time in the presence of shear flow.

Fig. 2(b) illustrates the progression of redox cycle via the
initiation of the nucleation site that is formed at the lower pole
of the droplet’s compressional axis (¢ = 330200). With time,
this site sets up an oxidizing chemical wave inside the droplet
(¢ = 331400). As the wave progresses, a second traveling wave
originates at the upper pole of the compressional axis and
merges with the first wave (¢ = 332200), gradually expanding
across the entire droplet (¢ = 334 400). A reducing chemical wave
then begins in the vicinity of the lower pole of the compres-
sional axis (¢ = 339 400) and expands outwards, fully reduces the
droplet and the cycle repeats (¢ = 341 000). The crucial observation
here is that the nucleation occurs along the droplet’s compres-
sional axis ‘poles’, during each redox cycle. The symmetric
component of the fluid velocity (extensional flow) dictates the
location of nucleation site generation, as illustrated in Fig. 2(b).
The fluid flow outside the droplet generates an internal flow in the

Extensional

Compressional
axis A

Extensional flow Rotational flow

Time, t

t=331,400 t=332,200

=@

t=334,400 t=339,400

Y

7=\

Fig. 2

Illustration of asymmetry generation in a BZ droplet. (a) Decomposition of the fluid flow in droplet’s frame into the extensional and rotational

components. (b) Time evolution of concentration field and extensional velocity in the droplet's vicinity over a redox cycle. Blue color indicates the
oxidized state and red indicates the reduced state, and the droplet interface is marked in magenta.

This journal is © The Royal Society of Chemistry 2025

Soft Matter, 2025, 21,1957-1969 | 1961


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01464b

Open Access Article. Published on 19 February 2025. Downloaded on 10/25/2025 6:38:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

droplet, both of which carry the species 1 towards the droplet
interface along the compressional axis. The extensional flow
advects the species along the compressional axis, and a region
of higher extensional-velocity gradient is observed at the lower
end of the droplet. The advection, in addition to the weaker (total)
flow strength at the lower end in comparison to the upper end of
the droplet’s compressional axis, results in a higher amount of
accumulation of species at the droplet’s lower end. Consequently,
a nucleation site at the droplet’s lower pole is produced at an
earlier instant than that on the upper pole, as evident in Fig. 2(b).
It is worth noting that, although the droplet is fully reduced at the
end of the oxidation-reduction cycle, the subsequent oxidation
takes place via an off centric nucleation, thereby producing
concentration gradients at the droplet interface. Thus, the shear
flow is able to generate sustained asymmetry in the concentration,
which is crucial for the self-propulsion of active droplets® (see
Movie S1 in the ESIt). Building upon the qualitative effect of shear
flow on generation of chemical gradients at the droplet interface,
we explore the effect of Marangoni flow on the dynamics of
the droplet by coupling the concentration and surface tension
{Ax # 0in eqn (10)}.

3.2. Droplet dynamics with Marangoni flow

In Fig. 3, we investigate the time-varying active droplet
dynamics under identical conditions as in Fig. 2, but in the
presence of Marangoni flow resulting from a positive coupling
between concentration ¢; and surface tension {Ax = 0.3 in
eqn (10)}, at two different flow strengths. In particular,
Fig. 3(a) qualitatively illustrates the role of various internal
flows in determining droplet dynamics through their influence

€)) (b) ©
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on determining the location of nucleation. Fig. 3(b) shows the
evolution of the concentration and extensional velocity field in
the vicinity of the droplet at two different flow strengths over a
redox cycle. Note that we perform the analysis at a fixed |Ax]|,
and detailed study on the role of Ax in droplet dynamics is
available in our previous work.>°

Fig. 3(a)-(c) illustrate the interplay of three fundamental
flow types within the droplet that influence the droplet
dynamics, namely (a) extensional (b) Marangoni and (c) diffusive
flows. Specifically, the first image indicates the extensional velocity
component which induces nucleation sites in the droplet. These
initial nucleation sites, having higher concentration c;, increase the
local surface tension (recall that Ak > 0), which generates Mar-
angoni flow towards the sites, as shown in Fig. 3(b). Furthermore,
Fig. 3(c) depicts the diffusive flow generated from a region of high
¢; to a region of low cy, ie., away from the nucleation site. It is
important to note that the Marangoni flow may oppose or assist the
diffusive flow depending upon the nature of the surface tension—-
concentration coupling. When Ax = 0, the Marangoni flow is
absent as discussed previously; however, in this particular case
where Ak > 0, the Marangoni flow tends to assist diffusive flow
in homogenizing the concentration inside the droplet, and
thereby results in the generation of chemical waves that emerge
from the droplet core®® as shown in Fig. 3(d).

In Fig. 3(e), we show the concentration field evolution near
the droplet for two different flow strengths of the surrounding
fluid over a redox cycle. In particular, the top panel in Fig. 3(e)
depicts the droplet’s behavior at a low shear flow strength (V,, =
5.0 x 107?). In contrast, the bottom panel depicts the droplet’s
behavior at a higher shear flow strength (V,, = 2.0 x 107?),

(d)

B Highc

— Extensional flow
— Marangoni flow

Low ¢;

— Diffusive flow

' (w

t=338, 200 t=339,200

)
o

0.0

Fig. 3 Role of internal flows in asymmetry generation in active BZ droplets when Ax = 0.3, and the consequent spatiotemporal evolution of active
species concentration c;. (a) Extensional flow, (b) Marangoni flow, and (c) diffusive flow result in a (d) chemical nucleation site in the droplet's core.
(e) Simulation results depicting the evolution of concentration c; and extensional component of fluid velocity in the droplet’s frame at two different shear

flow strengths: V,, = 0.005 (top panel) and V,, = 0.020 (bottom panel).
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keeping the coupling parameter constant, i.e., Ax = 0.3. Though
the top and bottom panels indicate the droplet’s behavior in
shear flows of different strengths, the concentration fields
inside them show similar evolution. As a consequence of the
homogenization of species 1, a nucleation spot arises close to
the droplet’s center (¢ = 328 800), and then expands outwards
in all directions as an oxidizing wavefront (¢ = 329400). The
oxidizing wavefront contacts the interface; consequently,
Marangoni flow is induced at the interface (¢ = 330200) from
a region of lower c; to a region of higher c,. In other words, the
droplet is pushed away from the point of initial contact
between the chemical wave and the interface.’® Meanwhile,
the reduction cycle begins at the droplet core (¢ = 333 800),
which expands outwards (¢t = 338200). Finally, the droplet
becomes fully reduced (¢ = 339200), and the subsequent redox
cycle begins via the nucleation in the vicinity of the droplet’s
center. One of the key observations here is that the droplet’s
motion in the y-direction differs notably as the strength of shear
flow increases, as evident from the orientation vector indicated
inside the droplet contours. In particular, the droplet shows an
increase in its y-directional motion as the wavefront contacts the
droplet’s interface (¢ = 143400; ¢ = 146 000). The difference in
droplet’s motion is a consequence of the asymmetric contact of
chemical wave generated by the nucleation site, with the droplet
interface. As the droplet is carried horizontally by the shear flow,
an off-centric, oxidizing chemical wave is generated inside the
droplet. The chemical wave is distorted by the droplet’s internal
flows, and thus, contacts the droplet’s interface at the upper end
along the compressional axis earlier than at the lower end.
Consequently, a Marangoni flow is set up in a direction that

(@ (b) ©
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propels the droplet away from the point of contact between the
chemical wave and the droplet interface.”® Though the effect is
less evident at lower flow strengths (see Movie S2 in the ESIY), the
asymmetry increases with increasing flow strengths due to larger
droplet deformations and stronger internal flows (see Movie S3 in
the ESIt) that advect the chemical species away from the center
along the compressional axis inside the droplet. Thus, the droplet’s
motion differs in terms of its orientation as the strength of the shear
flow is varied. Hence, a control over the droplet’s lateral migration
can be achieved solely by varying the strength of the surrounding
fluid flow when Ax > 0, as we shall later show via the droplet’s
trajectory. Experimentally, a similar control over the droplet’s
motion can be realized using microfluidic channels with controlled
shear flow, where the variations in flow strength can be used to alter
the nature of droplet’s motion. For instance, several experiments
have reported oscillatory motion of an active droplet controlled by
varying the strength of the imposed flow, even demonstrating the
capability of rheotactic trapping of the droplet.>>

In Fig. 4, we perform a similar analysis to that in Fig. 3, but
for a negative coupling of concentration and surface tension
{Ak = —0.3 in eqn (10)}, i.e., Fig. 4(a)-(e) have a one-to-one
correspondence with Fig. 3(a)-(e). In particular, Fig. 4(a)-(d)
provide a qualitative picture of the droplet’s internal flows and
Fig. 4(e) portrays the evolution of the concentration and exten-
sional velocity field in the droplet’s vicinity.

Fig. 4(a)-(d) depict the several internal flows that persist
inside the droplet. Unlike Fig. 3(b), here, we observe a reversal in
the direction of Marangoni flow which is the key difference that
maintains the inhomogeneity inside the droplet. Consequently,
the nucleation sites emerge at the droplet interface along the

(d)
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— Marangoni flow

(e
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Fig. 4 Role of internal flows on asymmetry generation in active BZ droplets when Ax = —0.3, and the consequent spatiotemporal evolution of active
species concentration c;. (a) Extensional flow, (b) Marangoni flow, and (c) diffusive flow result in a (d) chemical nucleation sites at the compressional axis
poles. (e) Simulation results depicting the evolution of concentration c; and extensional component of fluid velocity in the droplet's frame at two different
shear flow strengths: V., = 0.005 (top panel) and V,, = 0.020 (bottom panel).
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compressional axis. This behavior is also clearly evident in
Fig. 4(e) which depicts the evolution of concentration field in
the droplet’s vicinity, obtained by imposing shear flows of two
different strengths over a redox cycle. Similar to Fig. 3(e), the top
panel in Fig. 4(e) illustrates the droplet’s behavior at a low shear
flow strength (V,, = 0.005) whereas the bottom panel depicts the
droplet’s behavior at a higher shear flow strength (V;, = 0.020), at
Ak = —0.3.

In Fig. 4(e), unlike that in the case of positive Ax (Fig. 3(e)),
we observe a nucleation site that starts at the lower end of the
droplet interface along the compressional axis (¢ = 326200).
Consequently, a Marangoni flow is set up at the interface in the
regions where the wavefront contacts the interface. Shortly, a
second nucleation site emerges at the droplet’s upper end, which
again sets up Marangoni flow at the interface but in an opposite
direction (¢ = 327 000). These wavefronts propagate inside the
droplet and merge (¢ = 328 600), subsequently bringing the droplet
to a reduced state. Furthermore, the reduction cycle begins inside
the droplet (¢ = 335 400) that shortly sets up the Marangoni flow in
a direction opposite to that during the oxidation cycle (¢ =
326200). The droplet is then fully reduced (¢ = 340 000), and a
subsequent redox cycle begins via the nucleation at the interface.
Though the qualitative evolutions of concentration fields are
similar at lower and higher shear flow strengths, an interesting
difference in the droplet deformation is observed in the above two
cases. At lower shear flow strengths (top panel), the droplet
initially deforms and aligns itself in the compressional axis
direction; however, this deformation disappears as the concen-
tration gradient at the interface diminishes. Thus, the droplet
shows a motion that alternately elongates along the direction of
the compressional axis and regains its initial shape (see Movie S4
in the ESIt). At higher shear flow strengths, however, the droplet
shows deformation that switches between compressional and
extensional axes. In particular, during the propagation of oxidiz-
ing wavefront, the droplet stretches and aligns along the compres-
sional axis though it later reorients and aligns itself along the
extensional axis. Thus, the droplet exhibits a ‘wobbly’ motion,
with a repeated switching between the two orientations (see
Movie S5 in the ESIt). In addition, the droplet’s motion switches
periodically in the y-direction, as indicated by the orientation
vector, which is oriented in the negative y-direction during the
oxidizing wave propagation, and switches to the positive y-
direction subsequently, as the reducing wave initiates. Moreover,
at a higher shear flow strength, the droplet also shows increased
motion in the y-direction indicated by the increase in proximity of
droplet’s orientation vector to the y-direction.

The alternation in the droplet’s orientation in the y-direction
is mainly influenced by the chemical waves that persist inside
the droplet. In particular, as the oxidizing wave initiates at a
nucleation site at the droplet interface, the resultant Marangoni
flow propels the droplet in the direction of this nucleation spot
due to the negative coupling between surface tension and the
concentration. Consequently, the droplet orients in a direction
close to the vicinity of the compressional axis during its motion.
Subsequently, the droplet becomes fully oxidized during which its
motion is primarily dominated by the surrounding fluid flow and

1964 | Soft Matter, 2025, 21,1957-1969

View Article Online

Soft Matter

orients in the vicinity of the positive x-axis. The oxidized state,
however, is short-lived in comparison to the timespan of a redox
cycle (see Fig. S1, ESIt), and shortly, the reducing wavefront
emerges. Consequently, a Marangoni flow is generated in a
direction opposite to the earlier flow, and the droplet’s orientation
switches back to the positive y-direction. The droplet, however,
remains oriented in the positive x-direction due to the shear flow
in the surrounding fluid despite the alternating orientation
between positive and negative y-directions, as discussed. More-
over, the droplet deformation observed above is primarily influ-
enced by two competing factors: inhomogeneity in interfacial
tension and the surrounding fluid flow. At the nucleation site
along the compressional axis, the interfacial tension decreases
due to the negative coupling effect (eqn 10). Consequently, the
droplet deforms along the compressional axis to achieve a balance
in the stresses at the interface. On the other hand, the surround-
ing shear flow deforms the droplet along the extensional axis.®*°"
At lower shear strengths, the deformation induced by the external
flow is less pronounced, and the droplet primarily elongates along
the compressional axis. As the shear strength increases, the flow-
induced deformation becomes more dominant, causing the dro-
plet to elongate alternately along the compressional and exten-
sional axes, resulting in an alternating deformation pattern.

To summarize, a shear flow in the surrounding fluid breaks
the symmetry in the concentration distribution at the droplet’s
interface, thereby generating a Marangoni flow that propels the
droplet. In addition, the interplay of shear flow strength and
concentration-surface tension coupling governs the droplet’s
behavior. For a positive coupling, weak shear flows produce
minimal orientation changes in the droplet due to insignificant
flow-induced deformation and an almost-isotropic chemical
wave propagation. Stronger flows, however, cause droplet defor-
mation and chemical wave distortion, resulting in interfacial
tension gradients and significant orientation changes due to
Marangoni forces. In contrast, negative coupling sustains inter-
facial tension asymmetry, leading to substantial orientation
changes at both low and high flow strengths. The complex
interplay discussed above results in oscillatory droplet motion
and will be detailed in the subsequent section.

Fig. 5(a)-(d) demonstrate the impact of varying shear flow on
the droplet dynamics in terms of its trajectories and swimming
speeds, at positive and negative Ax values, with |Ax| = 0.3.
In particular, Fig. 5(a) and (b) depict respectively, the swim-
ming speed and trajectories of the droplet when Ax = 0.3,
whereas Fig. 5(c) and (d) correspond to that at Ax = —0.3 Also,
the trajectories are simulated for 2 x 10° timesteps with the
inset highlighting the initial motion of the droplet. Further-
more, the swimming speeds are shown for 1 x 10° timesteps,
since the trend in the swimming speed qualitatively remains
unchanged beyond that duration.

We begin our discussion with Fig. 5(a), where the droplet
exhibits time-periodic oscillations in its swimming speed irre-
spective of the strength of the surrounding fluid flow. The
swimming speed shows fluctuations characterized by intervals
of rapid acceleration followed by deceleration, about a base
value. Furthermore, these acceleration-deceleration ‘peaks’ are

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Motion of active BZ droplets under varying surrounding fluid flow strengths. (a) Swimming speed and (b) trajectories of the droplet when Ak = 0.3.
(c) Swimming speed and (d) trajectories of the droplet when Ax = —0.3. The insets in (b)—(d) indicate the droplet trajectories in the early stages.

observed in pairs that correspond to the redox cycle of the
BZ reaction (see Fig. S1, ESIt). The resultant droplet trajec-
tories are “wave-like” in nature, and are shown in Fig. 5(b).
In particular, at lower strengths of surrounding fluid flow, the
droplet moves near the channel centerline, exhibiting oscilla-
tory trajectories of low amplitudes. In contrast, the oscillations
in the droplet trajectories show higher amplitudes at higher
flow strengths. It is an interesting observation that unlike a
passive droplet (see Fig. S2, ESIt), the BZ droplet exhibits
motion away from the moving wall, just by increasing the
strength of the shear flow. In addition, at higher shear flow
strengths, the BZ droplet even exhibits a ‘tumbling’ motion
indicated by the significant change in its trajectory.

The oscillations observed in the swimming speed of the
droplet in Fig. 5(a) arise from the chemical waves generated
inside the droplet. When shear flow is applied in the channel, the
droplet is advected by the surrounding fluid, leading to a mono-
tonic increase in its speed during the initial phase. An oxidizing
chemical wave is generated shortly inside the droplet, which
induces Marangoni flow upon reaching the droplet’s interface.
Consequently, a rapid increase in the droplet’s swimming speed is
observed until the oxidizing wave fully forms and the interface
completely oxidizes. Once the wave fully develops, the droplet’s
acceleration ceases, and it primarily moves by the shear flow.
Shortly thereafter, a reducing chemical wave is generated due
to BZ reaction, which again produces the Marangoni flow at the

This journal is © The Royal Society of Chemistry 2025

interface upon its contact. The droplet again accelerates as long as
the interface remains partially oxidized, maintaining the Maran-
goni flow, and deceleration occurs once the droplet is fully reduced.
As a result, the droplet exhibits paired oscillations in its swimming
speed, synchronized with the redox cycle of the BZ reaction.

The trends observed in droplet trajectories in Fig. 5(b) are
explained based on two key factors: the position of the nuclea-
tion site generated at the beginning of each redox cycle and the
direction of the Marangoni flow generated as the oxidizing and
reducing chemical wavefronts contact the droplet interface.
Recall that the oxidizing chemical wave generated near the
droplet’s center (off-centric) is distorted by the droplet’s internal
flow, and thus, the wave contacts the droplet’s interface at the
upper end along the compressional axis earlier than at the lower
end (Fig. 3(e)). Thus, a Marangoni flow ensues in a direction that
propels the droplet away from the point of contact between the
oxidizing wavefront and the droplet interface.’® As a consequence,
the droplet starts to move downwards along the direction of the
compressional axis, in the meanwhile the oxidizing wavefront
contacts the droplet at the lower end generating flow in opposite
direction of droplet’s current motion. Shortly after, the Marangoni
flow corresponding to the reduction cycle begins, which moves the
droplet in the positive y-direction. These periodic fluctuations in
the trajectories manifest as sudden changes in direction of dro-
plet’s motion, resembling ‘peaks’ in the trajectories. Furthermore,
the generation of the off-centric nucleation site that is closer to the
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upper end of the droplet interface (see Fig. 3(e)) at higher shear
flow strengths results in delay between the opposing flows men-
tioned earlier, thereby producing a net motion in the negative y-
direction with every redox cycle inside the droplet. As time
progresses, however, the nucleation sites originate closer to the
droplet’s center, thereby reducing the delay between the two
opposing Marangoni flows, thereby significantly reducing the net
motion of the droplet in the y-direction that manifests as a sudden
change in the droplet’s trajectory. In short, the BZ droplet exhibits
an interesting ‘wave-like’ trajectory controlled by altering the
strength of the shear flow in its surrounding.

For the value of Ax = —0.3, in Fig. 5(c) and (d), we still
observe oscillations in the droplet’s swimming speed and
trajectories. A clear difference in the droplet’s motion, however,
is evident in the characteristic nature of oscillations in its
swimming speeds and the direction of lateral migration of
the droplet. In particular, at lower strengths of surrounding
fluid flow and unlike Fig. 5(a), the droplet in Fig. 5(c) exhibits
crest-trough pairs in its swimming speed about a base value. As
the flow strength increases, however, the troughs in the swim-
ming speed shift upwards and appear as shorter crests. As far
as the droplet’s motion is concerned, the trajectories in
Fig. 5(d) show a transition in its direction of lateral motion
from a negative to a positive y-direction. The two key differ-
ences in motion arise from the pattern of chemical wave
propagation which dictates the orientation of the droplet’s
Marangoni flow components with the shear flow of the sur-
rounding fluid. Unlike the case of positive Ax, here the oxidiz-
ing wavefronts originate at the droplet ‘“poles” along the
compressional axis (see Fig. 4(e)), generating a Marangoni flow
with a positive component in the x-direction, aligned with the
shear direction at both high and low shear strengths. Thus, a
crest in the swimming speed is observed, corresponding to this
oxidizing chemical wave. The emergence of subsequent redu-
cing chemical waves, however, depends on the shear flow
strength. At lower shear flow strengths, the subsequent redu-
cing waves generated along the compressional axis produces a
Marangoni flow with a negative component in the x-direction,
opposing the surrounding shear flow. Consequently, a trough
in the droplet’s swimming speed is observed as the droplet
decelerates. In contrast, at higher shear flow strengths, the droplet
is deformed and rotated by the surrounding fluid, causing the
reducing chemical wavefront to emerge at the lower end of the
extensional axis. The subsequent Marangoni flow, therefore, has a
velocity component in the positive x-direction giving rise to a
second crest in the droplet’s swimming speed at higher shear
rates. On the other hand, the oscillations in droplet trajectories
along the channel centerline at lower shear flow strengths arise
due to the opposing flows produced during the redox cycles, as
discussed above. As the strength of shear flow increases, however,
the droplet’s net motion in y-direction switches from a negative
to positive value due to the increased deformation induced by
the surrounding shear. Thus, we demonstrate a control over
the droplet’s motion by varying the strength of the shear flow,

which has been a primary objective of several researchers in the
past'11,33,62—64
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In Fig. 6, we investigate the droplet’s motion in terms of its
swimming speed, when the droplet is subjected to a temporary
shear flow. In particular, shear flows of varying strengths are
imposed initially in the channel and are stopped after 10°
timesteps. Fig. 6(a)-(d) show the subsequent droplet’s swim-
ming speed. In particular, Fig. 6(a) and (b) show the droplet’s
swimming speed at lower Ak values of 0.3 and —0.3 respec-
tively, whereas Fig. 6(c) and (d) show the droplet’s swimming
speed at higher Ax values of 0.6 and —0.6 respectively. The
insets show the droplet’s swimming speed for a duration of
2.5 x 10° timesteps. When Ak is 0.3, the droplet’s motion
ceases once the shear flow is terminated, as indicated by the
0(107%) swimming speeds in Fig. 6(a). Upon changing the Ax
value to —0.3, +0.6, or —0.6, however, the droplet continues
to move despite the cessation of the initial flow as indicated
by the 0(10?) and 0(10™*) swimming speeds in Fig. 6(b)-(d).
In other words, the droplet’s motion comes to a stop upon
the removal of surrounding fluid flow when the surface
tension-concentration coupling is weakly positive whereas,
the droplet continues to move when the coupling is negative
or stronger. Once the surrounding fluid comes to a halt, the
asymmetry in the concentration at the interface eventually
ceases due to the homogenization of concentration within
the droplet at Ax = 0.3. Furthermore, the deformations in
the droplet that are generated at higher strengths of shear
flow are eventually counterbalanced by the surface tension
forces, and the droplet regains its original shape. As a con-
sequence, the chemical waves that are generated at the
droplet center contact the interface symmetrically across the
droplet periphery, despite the presence of initial asymmetry
by droplet deformations, thereby terminating its motion
(Fig. 3(e)). In contrast, at a Ax value of —0.3, the gradients
in the concentration at the interface persist due to the
opposing internal flows®® and thus, sustain the droplet’s
motion despite the absence of a surrounding fluid flow at
later times. In addition, the Marangoni stresses at the inter-
face increase as |Ax| is increased, leading to significant
droplet deformations. The deformations are sustained even
in the absence of background flow due to the periodic nature
of BZ reaction, and thus, result in persistent asymmetry in
the interfacial tension. Marangoni stresses are, therefore,
continuously generated at the droplet’s interface at higher
|Ax| values, sustaining the droplet’s motion. In essence, the
presence of a temporary flow in the surrounding fluid dis-
rupts the initial isotropic interfacial tension, and promotes
self-propulsion of the droplet under controlled environments
(here, by varying Ax).

We thus achieve self-propulsion of the droplet by disrupting
the isotropic interfacial tension via the means of surrounding
fluid flow and tuning the strength of coupling between the
concentration and surface tension. Our work demonstrates that
a simple shear in the surrounding fluid for brief periods is
sufficient to generate self-propelled locomotion in active BZ
droplets for longer periods, making them excellent candidates
for emulating the behaviors observed in biological active matter
systems.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Swimming speeds of the droplet when subjected to temporary shear flows of varying strengths when (a) Ax = 0.3, (b) Ax = 0.3, (c) Ax = 0.6, and

(d) Ak = —0.6. The insets are shown for clarity.

4. Conclusions

Using numerical simulations, we investigate the dynamics of an
active BZ droplet under shear flow, revealing the significance of
chemical kinetics and internal flows in propelling the droplet. In
particular, using the LBM and phase-field model, we adapt a
framework that captures the interplay between reaction kinetics,
Marangoni flow, and external shear forces, demonstrating the role
of these factors in regulating and directing droplet motion.
Specifically, we illustrate how shear flow induces concentration
nucleation spots at the droplet’s interface, producing asymmetries
in interfacial tension that ultimately lead to directed propulsion.
Previous studies have explored several external stimuli, such as
electric fields, light, and temperature gradients, to achieve direc-
tional control over droplet motion. On the other hand, our results
highlight that the location of asymmetry generation can be
controlled by tuning the surfactant properties, one of which is
the coupling parameter (Ax) that represents the sensitivity of the
surface tension to changes in concentration of activator (c;). In
particular, our findings reveal that the direction of Marangoni
flow is strongly dependent on the sign of Ak, which plays a crucial
role in the droplet’s swimming speed. Additionally, we elucidate
that varying the shear strength alters the droplet’s cross-stream
migration, and thus provides a straightforward and effective
means to control the droplet’s motion, offering a flexible strategy
for manipulating droplet dynamics. Our simulations reveal that
upon increasing the coupling strength (higher |Ax|), the active BZ
droplet exhibits a sustained motion despite being subjected to
shear rate for a small initial time interval. Thus, our findings
provide a comprehensive understanding of the role of internal

This journal is © The Royal Society of Chemistry 2025

flows and surfactant properties that govern the hydrodynamic
behavior of the active droplet. We envisage that the implications
of our work offer pathways to manipulate the motion of active
droplets in various applications, including microfluidics, biophy-
sical systems, and emulsion processing. Needless to say that the
LBM and phase-field approach presented here can be harnessed
to develop mesh-free computations provided they are integrated
with the PIML framework.
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Appendix A:Lattice Boltzmann implementation details

The equilibrium distribution function £{/**4 and the source term S{”in eqn (13) are given in Table 2.

Table 2 Expressions for equilibrium distribution functions and the source terms used to calculate the macroscopic variables. Here,
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