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Spontaneous motion of a passive fluid droplet
in an active microchannelf

Adriano Tiribocchi, 2 *@ Minhir Durve,® Marco Lauricella, 22 Andrea Montessori®

and Sauro Succi®

We numerically study the dynamics of a passive fluid droplet confined within a microchannel whose
walls are covered with a thin layer of active gel. The latter represents a fluid of extensile material
modelling, for example, a suspension of cytoskeletal filaments and molecular motors. Our results show
that the layer is capable of producing a spontaneous flow triggering a rectilinear motion of the passive
droplet. For a hybrid design (a single wall covered by the active layer), at the steady state the droplet
attains an elliptical shape, resulting from an asymmetric saw-toothed structure of the velocity field.
In contrast, if the active gel covers both walls, the velocity field exhibits a fully symmetric pattern
considerably mitigating morphological deformations. We further show that the structure of the
spontaneous flow in the microchannel can be controlled by the anchoring conditions of the active gel
at the wall. These findings are also confirmed by selected 3D simulations. Our results may stimulate
further research addressed to design novel microfludic devices whose functioning relies on the
collective properties of active gels.

1. Introduction

The last few years have seen a rapid surge in the study of active
matter, which deals with systems composed of self-driven units
capable of converting stored energy into systematic movement.
Active matter encompasses a large variety of natural and artificial
instances, ranging from flocks of birds® and school of fishes® at
the macroscopic scale to suspensions of bacteria,’ cytoskeletal
proteins® and self-propelled colloids at the microscopic one.® Their
inherent non-equilibrium nature results in a wealth of enthralling
phenomena, such as spontaneous flows,”® active turbulence,”'®
anomalous diffusion," superfluid-like behavior'>'* and motility
induced phase separation,'*"* to name a few.

Innovative examples of autonomous systems are synthetic
self-propelled droplets, i.e. spatially confined fluid suspensions
whose motion is guided by sophisticated modes of propulsion
mechanisms which can involve, for example, the use of an
active gel confined within."®° Some of the best known experi-
mental realizations of such active materials are actomyosin
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solutions**? and suspensions of microtubules and kinesin,”*?

which are soft fluids comprising force dipoles exhibiting a long
range orientational order typical of liquid crystals.>*>® The
former is an example of contractile material since the dipolar
forces (exerted by the myosin) are directed towards the center of
mass, whereas the latter pertains to extensile fluids. From a
technological perspective, active gel droplets are gaining sig-
nificant interest as model systems for studying the dynamics of
micro-organisms, such as cells,>’ ' and for designing artificial
microswimmers.***°

Alongside these objects, an alternative design is represented by
the “inverted” counterpart, ie. passive Newtonian droplets sur-
rounded (partially or entirely) by an active (or passive) gel.*"*?
A number of theoretical and experimental works have demon-
strated that the inclusion of micron-sized objects in an active fluid
bath often results in a persistent motion induced by a combination
of mechanical energy extracted by the surrounding fluid and a
careful manufacturing of the object, such as rigid structures with
asymmetric boundaries®™*® or soft deformable ones, like poly-
meric chains.*®*” It would then be natural to ask whether similar
conditions can be realized in the context of inverted liquid crystals,
where a passive drop can be spontaneously set into motion using
the energy provided by the external active gel. Indeed, while many
efforts have been dedicated to realizing self-motile droplets con-
taining the active material, a much less investigated system is that
in which the latter is hosted in the exterior environment.

In this paper we consider a microchannel comprising a
mixture of an active extensile gel and a passive isotropic fluid,

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Motion of a passwe fluid droplet within an active microchannel, in which an extensile material covers the bottom wall. In (a
3andin (i)=() ¢ = 4 x 107>, In all cases, the unidirectional motion of the droplet is caused by the spontaneous flow generated by the

in(e)=(h){ =3 x10"

d){=2x103

active layer. For increasing values of {, droplet speed and shape deformations augment. The green arrows indicate the direction of motion. The color bar

represents the values of the phase field of both passive and active fluids.

where the former is confined within a thin layer attached to the
wall while the latter occupies the rest of the channel and is
made of a Newtonian fluid droplet immersed in a second fluid
(see Fig. 1a). With respect to a typical “inverted” design where a
passive drop would be fully embedded in an active medium,
here the active component is distanced from the drop and
occupies only a small portion of the channel. Such a system
could be realized in the lab by dispersing self-attractive cyto-
skeletal gels in a layer of water wetting the wall (following a
protocol akin to that discussed in ref. 16), while the passive
mixture could be produced through wusual microfluidic
techniques.?>*8%°

We will show below that this geometry is capable of produ-
cing a spontaneous flow triggering a unidirectional motion of
the passive drop, with a speed strongly depending on the
activity. We also find that, if the active layer covers a single
wall, the flow propelling the drop displays an asymmetric
saw-tooth profile, fostering significant morphological changes
for high activities. Alternatively, if the layers cover both walls,
the fluid velocity acquires a symmetric profile suppressing
droplet deformations. In agreement with previous works,>
our results also suggest that controlling the orientation of the
active gel at the boundaries decisively affects the emerging flow
as well as the speed and shape of the droplet. These findings
could be relevant for the design of autonomous microdevices
able to sort and drive non-motile drops in a predictable
manner, a challenging task in active matter especially if the
need for keeping a certain direction of motion is required for
long periods of time.”"** In addition, they may be potentially
useful for realizing energy-saving soft systems whose function-
ing would require a reduced amount of active material (and
hence energy) with respect to a fully inverted geometry.*"

The paper is structured as follows. In the next section we
shortly describe the theory and some numerical details while in
the following ones we illustrate the results. First we discuss the
physics of a passive drop plus a single active layer in terms of
the structure of the flow and droplet kinematics, and then we
move on to the case with two layers. Afterwards, the effect of

This journal is © The Royal Society of Chemistry 2023

boundary conditions is described and, before concluding, a
selection of 3D results is presented.

2. The model

Here we shortly summarize the theoretical model used in this
work. Our system consists of a two dimensional microfluidic
channel in which a passive fluid droplet is surrounded by a
passive solvent (see Fig. 1a) while a layer of extensile material is
glued at the bottom wall. Its physics is described using a
combination of phase field modeling and active liquid crystal
hydrodynamics, an approach already adopted in previous
works.>>>*7>¢ More specifically, we consider two scalar phase
fields ¢(r, ?) (i = 1, 2) accounting for the density of the droplet
and the layer, a polar field P(r, ) capturing the mesoscale
orientation of the active material confined within the layer,
the density p(r, t) of the fluid and its global velocity v(r, ). The
presence of a further active component (such an extensile layer
on the top wall) would require the inclusion of additional scalar
and polar fields.

The equilibrium features of a passive suspension are
encoded in the following free energy density

/o= 4¢u 707 (61— D0)* + 62 (¢2 — bo)’]
P00 + (V92?) + a6 0
o (d) - ¢cr) o K
—5 g R gIP (V)

The first two terms, multiplied by the positive constant a,
guarantee the existence of four coexisting minima, ¢; ~ ¢,
and ¢, ~ ¢, representing the active layer and the passive
droplet while ¢; ~ 0 and ¢, ~ 0 determining the continuous
phase. The third term gauges the energetic penalty due to the
fluid interfaces and the fourth one is a repulsive contribution
preventing the coalescence of the phase fields. Both k and ¢ are
positive constants. The last three contributions are borrowed
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from liquid crystal theory and comprise bulk free energy terms
multiplied by « and distortions ones multiplied by «.*>” Also,
Per = ¢o/2 is the critical concentration at which the transition
from the isotropic phase (where |P| = 0) to the polar one (where
|P| > 0) occurs.

The fields ¢ and P generally obey advection-diffusion
equations, in which the time evolution is governed by thermo-
dynamic forces obtained by functional differentiation of the
free energy 7 = [fdV.

The equation of the scalar phase field ¢; is

¢,
ot

+V-Ve, =MV, (2)

where M is the mobility and u; = 8% /¢; is the chemical
potential.
The equation of the polar field P is given by

oP 187

where the terms on the left hand side represent a generalized
material derivative with @ = (W —W7)/2, D= (W +WT)/2
and W,; = 0, (Greek indexes denote Cartesian components).
We set £ > 1 as usually done for flow-aligning rodlike particles.
Also, I' is the collective diffusion rotational constant multi-
plying the molecular field h = 5.7 /3P.

The density p and the fluid velocity v are governed by the
Navier-Stokes equations which, in the incompressible limit, are

Vv =0, (4)
9 active assive
Plap V-V )V=—Vp+ V- (@ +a"), ()

where p is the isotropic pressure. The stress term on the right
hand side is the sum of two contributions, an active and a
passive one. The former is given by

i 1
ot = o1 (PP P05, ©

where d is the dimension of the system and ( is the active
parameter, positive for extensile fluids and negative for con-
tractile ones.”® Note that eqn (6) depends on ¢, since the layer
is the sole active component of the system. The functional form
of eqn (6) results from a coarse graining over a collection of
microscopic force dipoles generated by each extensile unit,
which pulls the fluid inwards equatorially and emits it axially.

The passive stress consists of three further contributions,
namely a viscous one given by

viscous

oo = n(Ouvp + Opy) (7)

where 7 is the shear viscosity, an elastic one given by

elastic
xf

1
= E(Pah/; . P/;/’ll) — g(Pah/)’ + Pﬁl’la) — K@aP,a/;P},, (8)
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due to the liquid crystal bulk deformations, and an inter-
facial one

interface d3F 6)( (/) 7P
(Ta/; f = (f((/)hp) - d)l_é(ﬁl)éaﬁ — a((aﬂld)l))aud)l
87 o (42)
+ (f(d’z) - ¢28¢2>5aﬁ - m@a(f)z.

2.1 Numerical aspects

Eqn (2)-(5) are numerically solved by a hybrid lattice Boltzmann
(LB) method,”®®" where a standard LB approach is used to
integrate eqn (4) and (5) and a finite-difference scheme for
eqn (2) and (3).

Our 2D simulations are run on rectangular boxes of size
L, = 140 (vertical one) and L, = 400 (horizontal one) lattice sites.
Periodic boundary conditions are set along the y direction while
two flat parallel walls are placed at z = 0 and z = L,. A passive
fluid droplet is placed in the middle of the microchannel and a
layer of extensile fluid is glued at the bottom wall (see Fig. 1).
The scalar fields are initialized as follows: ¢, ~ 2 within a layer
of height ranging from 2 = 10 to & = 30 lattice sites (thus
occupying a portion from 5 to 20 percent of the channel) and
zero everywhere else, while ¢, ~ 2 solely within the passive
droplet of radius R = 20. Also, the polar field is set uniform and
parallel to the y direction (i.e. P(r, 0) = Py(r, 0) with P, = 1) within
the layer and zero outside. We impose no-slip conditions at
both walls for v, i.e. V|-, = 0, tangential anchoring at the
bottom wall for P, ie. P|,-o = P, and neutral wetting for ¢,
meaning that n-V|,—,., = 0 (no mass flux through the walls)
and n-V(V2¢i)|z=oyLz = 0 (interfaces perpendicular to the walls),
with the n unit vector normal to the boundaries. The addition
of an active layer at the top wall follows an analogous prescrip-
tion, i.e. a further scalar field identifying a region of thick-
ness ranging from 10 to 30 lattice sites with a uniform and
unidirectional polarization pointing towards the y-direction.
Accordingly, neutral wetting and strong planar anchoring are
set at the wall.

Following previous works, thermodynamic parameters
have been chosen as follows: a =4 x 1072, k=6 x 1072, ¢ =
5x10 3 0=10"Y,x=4%x10"%¢=11,=1,M=10"", 1 =1.67,

{ is generally varied between ~10"> and ~5 x 102

32,41,62

while (
Parameters a and k determine the value of the surface tension
and interface thickness /1 which, for simplicity, are the same for
the droplet and active layer. One has ¢ = /8ak/9 ~ 4.5 x 1072

and 1 = 24/2k/a ~ 4. Also, the lattice spacing and integration
timestep are fixed to Ax = 1 and At = 1. Suitable dimensionless
quantities capturing the physics at the mesoscale are the
Reynolds number, the Capillary number and the Ericksen
number. The first one, defined as Re = pvyD/y (where vy is
the droplet speed at the steady state and D is its diameter)
ranges from ~5 x 1072 to ~1, whereas the second one,
defined as Ca = vgy/c varies between ~4 x 1072 and ~7 X
10~". These values ensure that the flow is laminar and droplet
breakup is a very unlikely event. Finally, the Ericksen number is

This journal is © The Royal Society of Chemistry 2023
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defined as Er = %, where 7 is the height of the layer. On a

general basis, if this parameter is larger than 1 the active forces
would overcome the resistance to deformation of the liquid
crystal (controlled by the elastic constant k), thus inducing a
spontaneous flow. In our simulations, a sufficiently intense
flow capable of triggering the motion of the passive droplet is
found at Er ~ 1.3, for 4; ~ 30. Note that this effect occurs only
if the polarization (initially uniform everywhere in the layer,
with P = P)) is destabilized by a weak perturbation, such as a
change of the local orientation of the polar field, lasting for
a short period of time. Otherwise, in a perfectly ordered
and parallel collection of extensile units, the self-generated
force dipoles would cancel and no spontaneous flows would
be produced.

A mapping to real units can be built considering that a unit
of time, length and force in our simulations are approximately
equal toL=1 pm, T=1 ms and F =100 nN. Thus, our numerical
experiment would simulate a droplet of diameter D ~ 40 um
with ¢ ~ 4 mN m™' moving at speed ranging from 1 to
10 um s~ * (corresponding to values varying between 10~ * and
1072) in a Newtonian fluid, such as water. The active layer of
thickness ranging from ~10 to ~30 um would consist of an
extensile material (such as a bacterial suspension) with a shear
viscosity n ~ 0.1 kPa s, elastic constant k ~ 4 nN and activity
{ ~ 10” Pa.

3. Results

We start off by discussing the dynamics of the passive droplet
whose motion is triggered by the active layer glued at the
bottom wall of a microfluidic channel. Afterwards we study
the effect produced by a second active layer attached at the
opposite wall and, finally, we showcase a selection of results

20
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obtained for a 3d channel. In all such cases, the drop is initially
placed in the middle of the microchannel while the layers
uniformly cover the walls. Once the drop and layer are relaxed
towards equilibrium, the liquid crystal is activated by setting { to
values capable of generating a sufficiently high spontaneous flow.

3.1 Single active layer

We generally identify a regime for { < 4.5 x 10~% where the
spontaneous flow triggers a unidirectional motion, while for
{ > 4.5 x 107 the flow destabilizes and breaks the layer.

In Fig. 1 we show a time sequence of the droplet dynamics
for /L, ~ 0.2,R=20and 2 x 10 % < { < 4.5 x 103, arange of
values for which a long-lasting motion can be observed (see also
the ESI, Movies M1-M3). As previously mentioned, this is
sustained by the flow produced by the active liquid crystal
located within the layer. Since the polar field is initially uniform
(Fig. 2a), the extensile force pairs of each active unit nullify.
Hence, in order to unbalance these forces and generate a
spontaneous flow, the orientation of the field above the bottom

wall is slightly tilted with an angle 6 (with 0 < 6 < g), a process

that concurrently changes the orientation of the surrounding
liquid crystal except that at the walls, which remains fixed
(Fig. 2b). This perturbation lasts for a period of time sufficient
to destabilize the direction of the polarization, while preserving
the integrity of the layer. Later on, the polar field recovers a
uniform orientation albeit not parallel to the wall anymore (see
Fig. 2c). A rough estimate of its slope can be evaluated by
computing the time evolution of the angle (0); averaged over a
layer of thickness I < h (with [ ~ 10, see Fig. 2d), which
identifies a region where a substantial change of orientation
occurs. Once the field is perturbed, (0); shows a sharp peak at
approximately 20 degrees, followed by a rapid relaxation
towards a steady state whose value generally increases with (.

(a)

Z;=2><10:;’ * |

IAAAA

0.3 1 2 345 10
t><105

Fig. 2 Typical polarization profile of a portion of the layer at equilibrium (a), at the onset of the instability (b) and at the steady state (c) for { = 4 x 107>.
The direction of the polar field, initially uniform and parallel to the y direction (a), slightly tilts near the bottom wall for a short period of time (b), and then
gradually relaxes towards a steady orientation (c). The magnitude of P is equal to 1 almost everywhere, except at the interface with the isotropic phase.
(d) Time evolution (log scale on the time axis) of the angle (0), of the polarization with respect to the y axis averaged over a layer of thickness [ < h.

This journal is © The Royal Society of Chemistry 2023
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For activities lower than 2 x 1073, (0); would approach zero,
thus drastically weakening the spontaneous flow.

This mechanism produces a velocity field whose typical
structure is shown in Fig. 3. At the onset of the instability the
velocity is larger within the layer (Fig. 3a) and, afterwards, it
becomes essentially unidirectional in the whole channel
(except in the surrounding of the droplet where weak oscilla-
tions form, see Fig. 3b), preserving this pattern for long periods
of time (Fig. 3c). Despite an apparent regularity, a more careful
inspection of the velocity field unveils crucial non-uniform
features. In Fig. 4a-c we plot its cross-sectional profile at
different positions along the channel at the steady state, and
show that the velocity generally displays a saw-toothed shape,
growing linearly within the active layer (for 0 < z/L, < 0.2, with
a sharp peak at z/L, ~ 0.2) essentially because the amount of
material increases with the distance from the wall, and
decreases outside towards the opposite wall. Weak undulations
of the profile observed at y, = L,/2 are, once again, due to the
presence of the droplet, which is located in the middle of the
channel. Close to the wall at z/L, ~ 1, the slope of the curve
levels out the one in the bulk whereas, near the opposite wall at
z = 0, it is basically flat because the strong and parallel
anchoring of the liquid crystal stabilizes a tiny stress-free

region. Indeed, at the steady state one has (g);"); ~ 0, where

gyt = GBS + G0N + g U + g1 averaged over a layer of
thickness s near the wall. A more detailed description of the
effect produced by a change of liquid crystal orientation at the
wall is given later, in the paragraph focused on the boundary
conditions.

As previously discussed, this flow field induces a persistent
motion of the droplet along a rectilinear trajectory and essen-
tially at a constant speed. This is shown in Fig. 5a and b where
the time evolution of the z component of the center of mass and
y component of its speed are plotted for different values of (.

View Article Online
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Once { is turned on, the drop shifts towards the upper wall
because of the initial asymmetry of the velocity field (larger in
the active layer and weaker outside, see Fig. 3a), an effect that
boosts the early time motion (see the peak of v, ). Then, the
droplet stabilizes at z/L, ~ 0.6 for sufficiently high values of {
and travels at a constant velocity (whose values increase with ().
Note that the lift-like effect towards the top wall is also condi-
tioned by the Reynolds and Capillary numbers. Indeed, while
for low values of { (thus weak flows) the drop essentially moves
along the mid-line of the channel (see Fig. 5a, { = 2 x 10 °),
for higher values it is subject to more intense flows and large
shape deformations, which favour the shift upwards (see
Fig. 1h, | and 5a).

Such morphological changes are quantitatively captured by
the Taylor parameter D = % (where a and b represent the
major and minor axis of the droplet), which ranges between 0
(no deformation, circular drop) to 1 (maximal deformation,
needle-like shape). At early times D generally exhibits a peak
becoming milder as { increases, an effect mirroring the one
seen for v, and indicating that the drop undergoes a quick
deformation once the activity is turned on. Afterwards, D
relaxes to a steady state value faster for higher {, since a strong
flow stabilizes the shape changes easier than a weaker one
(Fig. 5¢).

It is worth noting that the motion along a rectilinear
trajectory is partially akin to that observed in a microchannel
when the drop is subject to a Poiseuille flow (where no-slip
conditions hold and the walls are at rest).*> A well-known
feature of this process is that, while in the lab frame the fluid
velocity displays a parabolic-like profile, in the comoving frame
it would exhibit a couple of counter-rotating vortices resulting
from the sheared structure of the flow. Thus, it is natural to ask
whether similar structures emerge in our system. In Fig. 5d and

0.018
0.015
0.012
0.009
0.006
0.003
0

Fig. 3 Typical velocity field of a portion of lattice in the middle of the microchannel for { = 4 x 107> at the onset of the instability (a) and (b) and at the
steady state (c). It is initially much larger within the layer, and it becomes unidirectional in the whole channel later on. Weak oscillations are caused by the
presence of the droplet, which is approximately located in the middle of the channel. The color bar represents the magnitude of v.
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Fig. 4 (a)-(c) Cross-sectional velocity profiles at different positions in the channel (yo = L,/8, L,/2.6, L,/2, L,/1.6) computed at the steady

P

state for (

=2x 103 (@), {=3x10(b)and { = 4 x 10~° (c). The velocity displays a saw-toothed profile, whose maximum is located

near the interface of the layer (around z/L, ~ 0.2) and augments with {. Oscillations of the profile observed for yo = L,/2 are caused by the presence
of the droplet. The inset shows the instantaneous position of the droplet within the microfluidic channel and the green arrow indicates the direction

of motion.
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(a) Time evolution of the z-component of the droplet center of mass. The drop is shifted towards the upper wall due to the initial asymmetry of

the flow, higher within the layer and weaker outside. (b) Time evolution of the y-component of the speed of the center of mass. At early times it displays a
peak boosting the drop and, later on, it relaxes to a steady state, whose values increase with {. (c) Time evolution of the droplet deformation D. Increasing
activities trigger larger morphological deformations, turning a circular drop into an elliptical-shaped one. (d) and (e) Direction and magnitude of the
velocity field in the comoving frame of the droplet for { = 4 x 1073, (f) Time evolution of the angular velocity of the droplet for different values of {. Its

behavior is overall akin to that of v, .

e we show the typical steady-state velocity vy computed in the
droplet frame (i.e. vy = Vv — V) for { = 4 x 1073, It exhibits a
well-defined counter-rotating vortex with magnitude increasing
up to ~10° towards the edge of the drop. As for v.n, the
angular velocity is also found to gradually augment for increas-
ing values of {. This is shown in Fig. 5f, where we plot the time

evolution of w = M
[dV,
If, for example, { = 4 x 107>, one has w ~ 4 x 10~ and, for
a droplet of radius R ~ 20, v = wR ~ 10>, thus a rolling-like
condition would be satisfied. This is in contrast with the results
of a spinning droplet containing an active spiral-like gel (where
the rotation speed is expected to follow a logarithmic-like
behavior®®®) and suggests that, although the motion is

for different values of (.

This journal is © The Royal Society of Chemistry 2023

triggered by the same medium (here placed outside), the drop
behaves as a fully passive object.

These results show that a rectilinear motion of the droplet
can be generated by a properly designed layer of active material
of predefined thickness. But what if the thickness decreases?
In the ESI, T Movie M4 we show the dynamics in a microchannel
with an active layer of thickness 4 = 10 lattice sites (h/L, ~ 0.07,
three times narrower than the previous case) and { = 2.5 x 10~ 2.
The motion shares features akin to the ones observed for
higher values of A, although the reduced amount of active
material requires higher values of { to set a sufficiently intense
spontaneous flow.

One may finally wonder whether the shape deformations
can be mitigated even for a droplet moving at high speed (such

Soft Matter, 2023,19, 6556-6568 | 6561
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as for { =4 x 107°). This can be achieved by covering the upper
wall with a further active layer, whose design follows that of the
opposite one. In the next section we describe the dynamics of
the drop precisely in this configuration.

3.2 Double active layer

In Fig. 6 we show a time sequence of a passive droplet moving
within a microchannel with two symmetric layers for { =
4 x 107 (equal in both layers). As described in the Methods
section, within the upper region one has ¢, ~ ¢, and ¢; ~ 0,
while the polarization is initially parallel to the wall and points
along the positive y direction. Also, the thickness of both layers
is 7 = 30. The mechanism triggering the motion essentially
mirrors the one discussed for the single layer. Once the
orientation of the polar field is weakly titled of an angle 6,

(with 0 < 0y <g with respect to the y direction) from the

bottom wall and 6, from the top one (with 0, = 2n — 0,), the
activity is turned on and a spontaneous flow emerges.

Unlike the previous case, here the fluid velocity displays a
symmetric structure, uniform within the passive fluid (in the
middle of the channel, the black region of Fig. 6) and growing
almost linearly from the wall towards the interfaces of each layer
(the yellow regions of Fig. 6) with equal slope. This is shown in
Fig. 7, where we plot the steady state cross sectional profile, at
different positions along the channel, for various values of {. For

View Article Online
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increasing activity, v, attains higher values and the fluctua-
tions due to the drop interface become progressively negligible.
In analogy to the single layer case, the slope of the speed near
both walls is approximately flat, an effect caused by the
orientation of the liquid crystal (see the section on the bound-
ary conditions).

This flow triggers, once again, a rectilinear motion at con-
stant speed, keeping the droplet along the mid-line of the
channel, regardless of the values of { (see Fig. 8a and b).
In addition, the flat pattern of the velocity profile in the passive
fluid suppresses morphological deformations (see Fig. 8c) and
stabilizes a droplet that maintains a long-lasting circular shape.
Note also that the speed of the drop is approximately twice that
obtained in the single layer, provided that { is set to equal
values in both regions.

Interestingly, the flow structure closely resembles the electro-
osmotic flow observed across porous materials and capillary
tubes.®®"®® In this case, the flow is caused by an electric field
(applied, for instance, via electrodes) which induces the motion
of a net charge forming two tiny layers of mobile ions, sand-
wiched between the wall of the microchannel and the bulk
electrolyte solution. The resulting flow field is found to display
a growing profile within the electrical layers (which would
correspond to the yellow layers of Fig. 6) while a uniform, flat
one, in the intermediate solutions (which would correspond to
the black region of Fig. 6).

2.5
2
1.5
1
0.5
0

Fig. 6 Time sequence of the motion of a passive fluid droplet within an active microchannel, in which the extensile material covers the bottom and top
walls. Here { = 4 x 107>, After attaining equilibrium (a), the droplet is set into motion by the spontaneous flow generated by the active layers (b) and (c).
Note that the trajectory remains rectilinear but, unlike the single layer case, shape deformations become negligible. The green arrows indicate the
direction of motion. The color bar represents the values of the phase field of both passive and active fluids.
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Fig. 7 Cross-sectional velocity profiles at different positions in the channel (yo = L,/8, L,/2.6, L,/2, L,/1.6) computed at the steady state for { = 2 x 1073
(@) and { = 4 x 1072 (b). The velocity augments going from the walls to the interface of the layer and remains uniform within the passive channel. Profile
fluctuations, due to the presence of the droplet, become milder as { increases.

6562 | Soft Matter, 2023,19, 6556-6568

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm00561e

Open Access Article. Published on 09 August 2023. Downloaded on 1/16/2026 7:44:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Soft Matter
0.501 - : - . 3 g - )
(a) toaxi0? (b)ssxi0? | g=2x107 {=4x107 (c) 10
0.5 (=2.5x1073 o | G22.5%107 {=4.5x10 o | ) )
0.499 | E=3xlo-i 3x10 . {=3x10 2.5x10 . C=2><10'§ . €=4x10.:
=4x107 - 5 | {=2.5%10 =4.5%10"~
L 08 (=4.5¢10° E2.5x1072 1 07 17 23107
\E 0.497 S 2X1072 A 1.5x1072 H
N 0496 . 1.5x10 { 5 ——— - =
2 | 10 g
0.495 107 1
0.494 5x107° | 5%107 [ ¥
0.493 : : 0 ] 0
o 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
x10° x10° x10°
Fig. 8 (a) and (b) Time evolution of the z-component of the droplet center of mass and the y-component of its speed. Once the activity is turned on, the

drop moves at constant speed along the mid-line. (c) Time evolution of the deformation parameter D. The addition of the layer essentially suppresses

shape deformations.
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(a) Steady states of the droplet and polar field in a portion of the microchannel, observed when the liquid crystal is oriented along opposite

directions in the two layers. (b) Corresponding structure of the velocity field. The flow exhibits a bidirectional pattern near the fluid interfaces of the layers
plus a counterclockwise vortex in the droplet. (c) Cross-sectional velocity profile at different positions in the channel. Fluctuations in the passive region

are due, once again, to the droplet interface.

3.3 Shear-like dynamics

The dynamics described so far ultimately results from the
orientation of the polar field which, in both layers, points
towards the positive y axis forming an angle 0}, with the bottom
wall and 6, = 2n — 6, with the top one. An alternative scenario
emerges if the polarization is oriented along opposite
directions in the layers.

In Fig. 9a we show, for example, the steady state configura-
tions of droplet and polarization under this condition for
{ =4 x 10*, where the liquid crystal has been initially aligned
along the negative y direction in the top layer. While at late
times the latter displays the usual uniform arrangement, the
droplet attains a non-motile elliptical shape induced by the
shear-like structure of the velocity field (shown in Fig. 9b).
Indeed, the velocity exhibits a striped pattern, where an intense
bidirectional flow near the fluid interfaces of the layers com-
bine with a much weaker counterclockwise vortex within the
droplet. Near both walls, the flow is once again very low. The
corresponding transversal profile is shown in Fig. 9c; it is shear-
like in the passive region and almost linearly growing in the
active layers, with features akin to those discussed in the
previous section. Also, near the top wall (z/L, ~ 1), v, has a
local maximum necessary to accommodate the stress-free
region due to the parallel anchoring of P.

It is worth highlighting that the stability of this configu-
ration crucially depends on the orientation of the liquid crystal.

This journal is © The Royal Society of Chemistry 2023

More specifically, shear-like dynamics occurs when 0, ~ 0, +
(with 0 < 0y, < g), otherwise the droplet, still keeping an ellip-

tical shape, would move, following a rectilinear trajectory,
along the direction imposed by the larger flow, thus rightwards
if t < 0, < 0Op + 7 (the bottom flow dominates) or leftwards if

O+ <0 < %n (the top one prevails).

3.4 Boundary conditions

In Fig. 4, 7 and 9c we have shown that the velocity profile grows
almost linearly within the active layer and is approximately flat
near the wall covered by the active material. The latter crucially
depends on the orientation of the liquid crystal at the wall.
In Fig. 10a we plot the cross-sectional velocity profile for
different anchoring angles 0, at the bottom wall for { =4 x 107>,
For increasing values of 0y, the slope of v, sharpens (thus removing
the flatness close to the wall) and the total speed concurrently
grows, attaining the highest value at 6}, ~ 50°. Indeed, while for 6y,
~ 0 the force dipoles (aligned along the vectors P) nullify each
other, for 6, > 0 the balance is broken and an additional
spontaneous flow is produced by the active liquid crystal anchored
at the boundary. Changing of the anchoring orientation modifies
the total stress too, as shown in Fig. 10b where we plot the time
evolution of ()2"); averaged over a film of thickness s = 4 lattice
sites from the bottom wall. The stress remains approximately zero
for 0, = 0 while it considerably augments for higher values.

Soft Matter, 2023,19, 6556-6568 | 6563
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(a) Cross sectional profile of the y component of the center of mass speed at the steady state and for different values of anchoring angle 0, of the

liquid crystal at the bottom wall. The activity is fixed at ¢ = 4 x 1073, For increasing values of 0, the slope of v, grows near z ~ 0 and attains a maximum

approximately at 6, ~ 50°. (b) Time evolution of total stress (U;‘;‘)s = (oyz
sites.

These results suggest that, at fixed activity, changing the tilt
of the active gel at the boundary can control the structure of the
spontaneous flow and, more generally, could potentially trigger
the transition from a passive quiescent state towards an active
one. Note that these findings extend the ones of ref. 50, which
describe the formation of spontaneous flows in one dimen-
sional liquid crystal cells only for two different anchoring
conditions (perpendicular and conflicting).

3.5 Extension to 3D systems

The dynamics found in 2D can be observed in a 3D micro-
fludics channel as well. For simplicity, we consider the case
where a single active layer covers the bottom wall and the

active + gviscous + oelastic +

interfacey averaged over a film of thickness s = 4 lattice

¥z yz

polarization is initially uniform and parallel to the y axis (see
Fig. 11a). The system consists of a passive fluid droplet of
radius R = 20 sandwiched between two flat parallel walls placed
at L, = 0 and L, = 140. Along the x and y directions, periodic
boundary conditions are set with L, = 70 and L, = 300. Once the
droplet is equilibrated, the activity is turned on and, following
the mechanism discussed for the 2D system, a spontaneous
flow is produced within the channel. This one, in turn, triggers
a rectilinear motion of the droplet which, at the steady state,
attains a permanent elliptical shape (Fig. 11b, ¢ and the ESL¥
Movie M5).

Although these results are overall akin to the 2D system,
crucial differences emerge in the polarization and velocity field

iEEE&HEEEEEELA s3igsss

I I L 1 1 0

©
z dN
y
g
X No
045
7o 0.4
1,1174 0

0,49057
0,136

1 2 3 4 5
t><105

Fig. 11 Three dimensional simulation of a passive fluid droplet moving within an active microchannel for { = 4 x 107>, (a) The droplet is initially
surrounded by a passive fluid (blue) in the middle of the channel while a liquid crystal layer (red) covers the bottom wall. Once the activity is turned on, a
spontaneous flow triggers the motion of the passive droplet. (b) At the steady state, the droplet acquires a permanent ellipsoidal shape moving along a
rectilinear trajectory. The green arrow indicates the direction of motion. The color map shows the range of values of the phase field associated to the
active layer. (c) Time evolution of the z component of the center of mass (left axis) and the y component of its speed (right axis). At high { the trajectory
exhibits oscillations (for 10° < t < 4 x 10°) triggered by the ones of the polar field and fluid velocity.
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Fig. 12 (a) and (b) Instantaneous configurations of the polarization within the layer for { = 2 x 107 (a) and { = 4 x 1073 (b). At the steady state, the liquid
crystal displays pristine in-plane bend distortions, whose number increases for higher {. (c) and (d) The plots show the direction and magnitude of the
velocity field in the channel. While in the passive fluid the flow is unidirectional along the positive y axis, in the active layer it also shows an undulating
pattern in the xy plane. Its direction is locally perpendicular to that of the liquid crystal.

within the layer. Indeed, the liquid crystal exhibits stable bend
deformations mostly in the xy plane, an effect stemming from
the hydrodynamic instability produced by dipolar forces of
extensile materials made of rod-shaped particles (Fig. 12a and b),
while the velocity field displays two distinct patterns: a unidirec-
tional flow within the passive fluid and an undulating motif, with
vectors (once again mostly in the xy plane) pointing perpendicu-
larly to the liquid crystal orientation, in the layer (Fig. 12c and d), a
result in agreement with the typical flow structure observed in
extensile gels.”® It is interesting to highlight that, despite the
higher complex pattern of the velocity with respect to the 2D
device, the unidirectional motion of the droplet is preserved in 3D
(see Fig. 11c). This is precisely because the distortions of the polar
field are confined within the layer (thus the spontaneous flow
displays the undulations only within this region) while out of it
the fluid is passive and isotropic, and the velocity follows the
direction imposed by the one in the layer for continuity. However,
at high { (such as { = 4 x 10~%), the droplet trajectory and the fluid
interface are found to exhibit weak oscillations, caused by tem-
porary out-of-plane components (along z) of the polar field and of
the fluid velocity (see Fig. 11c and the ESIL, ¥ Movie M5).

4. Conclusions

To summarize, we have theoretically studied the dynamics of a
passive fluid droplet confined within a microfluidic channel
whose walls are covered with a layer of an extensile active gel.
The physics is mostly controlled by the activity and the

This journal is © The Royal Society of Chemistry 2023

orientation of the liquid crystal both in the layer and at the
walls. Our results show that, for sufficiently high values of
activity, the passive droplet acquires a rectilinear motion last-
ing over long periods of time caused by the spontaneous flow
produced by the active material. If the active gel covers only one
wall, at the steady state the droplet attains an ellipsoidal shape,
whose rate of deformation increases with the activity. This is
due to the asymmetric structure of the spontaneous flow, which
exhibits a saw-toothed pattern with a maximum at the interface
of the layer. If, in contrast, the active material covers both walls,
the flow displays a trapezoidal-like symmetric structure and
shape deformations turn negligible. In addition, if the liquid
crystal points along opposite directions in the layers, a shear-
like profile of the flow is found. These behaviors are also
affected by the orientation of the liquid crystal at the wall.
Indeed, our simulations suggest that, for a fixed value of
activity, the magnitude of the flow (and thus the speed of the
drop) increases when the anchoring angle at the wall augments.
These findings are confirmed by 3D simulations, although the
liquid crystal and velocity field display a more complex struc-
ture especially within the active layer, where an undulating flow
favours the formation of well-defined bend distortions.

In this paper we devise a strategy to control and rectify the
trajectory of passive fluid drops confined in an “‘active” micro-
channel, in which the necessary work to sustain the motion is
extracted from a layer of active material. This result could be in
principle extended to active droplets, where maintaining a
certain direction of motion remains challenging. Indeed,
although an enhanced Brownian motion has been observed
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in drops containing either a dispersion of bacteria®”®
suspension of motorized microtubules,'® only recently a con-
trollable propulsion has been realized in active droplets hosted
in a nematic environment®* or activated through a Marangoni-like
effect.”

Our device could be concretely realized by dispersing an
extensile fluid (such as microtubule bundles and kinesin or
bacterial suspensions) into a water-oil solution, in which the
aqueous medium containing the active material wets the walls.
To enforce a specific anchoring, the active fluid could be
pinned following the protocols adopted for passive liquid
crystals, i.e. through mechanical or chemical treatment of the
surface.”””" Although not discussed in the present study, it
would be relevant to investigate how a predetermined anchor-
ing at the fluid interface (where the active gel may either orient
tangentially’>”? or perpendicularly’®) would affect the motion
of the droplet and the structure of the flow.

Finally, it is interesting to discuss some directions of future
works. Releasing, for example, the approximation of single
viscosity of both fluid components could be a further route
to control shape deformations as well as simulate highly
viscous drops closely behaving as rigid particles. In this
context, the system studied in this work would partially
capture the dynamics of a spherical non-deformable particle
when the activity is low (as in Fig. 1a-d) whereas for non-
spherical solid objects, such as elliptical ones, the dynamics is
expected be more complex since in-plane or out-of-plane
rotations could be observed.” Likewise, abandoning the
restriction of small Capillary numbers would be useful to
explore regimes in which breakup events are more likely.
While this physics is well understood in passive systems (such
as a droplet subject to shear flows”®””), less is known when
the rupture would be determined by a spontaneous flow, as
well as to what extent this kind of flow would impact on
critical Capillary numbers, beyond which no-steady state
droplet exists. Our device would also be highly suitable for
exploring more complex designs, such as those in which the
activity is spatially dependent. One may envisage, for example,
a microfluidic channel in which the wall is patterned with
separated holes (realized using static phase fields*?) contain-
ing an active gel which could trigger a hop-like motion of a
drop dispersed in the surrounding passive fluid. This may
hold an interest for the manufacturing of active energy-saving
devices whose functioning relies on reduced amounts of active
material.
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