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Motility and pairwise interactions of chemically active droplets in one-dimensional confinement
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Self-propelled droplets serve as ideal model systems to delve deeper into understanding the motion of
biological microswimmers by simulating their motility. Biological microorganisms are renowned for showcasing
a diverse array of dynamic swimming behaviors when confronted with physical constraints. This study aims
to elucidate the impact of physical constraints on swimming characteristics of biological microorganisms. To
achieve this, we present observations on the individual and pairwise behavior of micellar solubilized self-
propelled 4-cyano-4'-pentyl-biphenyl (5CB) oil droplets in a square capillary channel filled with a surfactant
trimethyl ammonium bromide aqueous solution. To explore the effect of the underlying Péclet number of
the swimming droplets, the study is also performed in the presence of additives such as high molecular
weight polymer polyethylene oxide and molecular solute glycerol. The capillary confinement restricts droplet
to predominantly one-dimensional motion, albeit with noticeable differences in their motion across the three
scenarios. Through a characterization of the chemical and hydrodynamic flow fields surrounding the droplets,
we illustrate that the modification of the droplets’ chemical field due to confinement varies significantly based on
the underlying differences in the Péclet number in these cases. This alteration in the chemical field distribution
notably affects the individual droplets’ motion. Moreover, these distinct chemical field interactions between the

droplets also lead to variations in their pairwise motion, ranging from behaviors like chasing to scattering.

DOI: 10.1103/PhysRevE.110.024612

I. INTRODUCTION

To execute efficient self-propulsion in different viscous
environments, microorganisms utilize nonreciprocity by em-
ploying local asymmetry to self-propel at low Reynolds
number [1]. They utilize appendages attached to their surface
or deform their bodies to achieve nonreciprocal strokes that
introduce the required symmetry breaking in their mechan-
ical strokes. These motile microorganisms also possess the
remarkable ability to sense and respond to their surroundings
and appropriately respond to the external hydrodynamic and
chemical fields in their vicinity. For example, it has been
observed that E. coli cells demonstrate faster movement in
viscoelastic media [2]. Similarly, Euglena cells are known to
adapt to flagellar swimming in a confined channel without
contacting the wall, and to crawling as confinement increases,
including rounding and peristaltic cell deformations [3]. In
an effort to mimic and gain deeper insights into the propul-
sion strategies employed by microorganisms, researchers have
designed and fabricated various artificial micromotors at
the laboratory scale, that include chemically powered Janus
micro- and nanomotors and interfacial tension-driven water
or oil droplets in oil and/or water. The advancement and un-
derstanding of micromotors also hold tremendous promise for
a wide range of futuristic applications, such as targeted drug
delivery [4], absorbents for chemical spills [5], and biosensors
[6].

The autonomous motion of Janus particles (JPs) is
achieved through their preferential asymmetric reactivity with
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the surrounding media, which relies on self-diffusiophoresis
(chemical gradient) [7,8], self-thermophoresis (temperature
gradient) [9,10], or self-electrophoresis (electric potential gra-
dient) [11,12] mechanisms. Active droplets (ADs), on the
other hand, do not possess inherent chemical asymmetry
and therefore rely on spontaneous asymmetry generating
mechanisms to generate self-propulsion, such as micellar
solubilization [13—-17], phase separation [18], and reaction-
diffusion processes [19].

Among all, the micellar-solubilization-based propulsion
mechanism is considered to be the simplest. The solubiliza-
tion of the droplet in the form of nanoemulsions or filled
micelles generates a spontaneous heterogeneity in the distri-
bution of filled and empty micelles surrounding the droplet,
resulting in an interfacial tension gradient. The resulting
Marangoni stresses drive the surrounding fluid flow toward
regions of higher surface tension, causing the droplet to move
in the opposite direction. The competition between the advec-
tive and diffusive timescales of the solutes around the droplet
governed by the nonlinear coupling of hydrodynamics and
advection-diffusion processes, captured through dimension-
less Péclet number (Pe) plays a crucial role in governing the
swimming mode [20]. With increase in Pe, Dwivedi et al. re-
cently demonstrated a transition from persistent to random to a
jittery motion [21]. Suda ez al. also reported a straight to curvi-
linear motion with increase in Pe [22]. Over the years, several
studies have reported intriguing aspects of the isolated motion
of these droplets, including nematic elasticity-induced curl-
ing [23,24], solute-induced jitteriness [13,25], auto-negative
chemotaxis [26], upstream rheotaxis in external flow [27,28],
deformation in viscoelastic medium [29], and more. Some
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intriguing multibody behavioral aspects have also been re-
ported, such as predator-prey behavior [30], the emergence
of spontaneously rotating clusters [31], dynamic assemblies
[32], and chemotactic self-caging [33].

Most studies of ADs have been carried out in a Hele—
Shaw cell, offering a two-dimensional (2D) confined space.
However, confinement to one-dimensional (1D) domains and
the interaction with the surrounding walls can influence
swimmers’ dynamics and collective behavior by virtue of hy-
drodynamics and chemical field alteration. Theoretical work
by Desai and Michelin [34] reported the accumulations of
chemical solutes and subordinate effects of hydrodynamics, at
low Péclet number, inducing swimming away from the wall.
However, with an increase in Pe, advection of fluid reduces
the distribution of chemical solute at the frontal region of the
droplet, causing it to approach close to the wall [35]. Recent
experimental work by Illien e al. on swimming droplets
has reported their alignment caused by speed dispersion in
a microfluidic serpentine [36], and work by de Blois et al.
has demonstrated that a swimming droplet (water-in-oil) re-
duces its speed by increasing confinement, even splitting into
fragments under the strong confinement of the capillary [37].
Despite these recent explorations, understanding the complex
behaviors of swimmers in quasi-1D confinements is still in its
infancy, particularly for ADs, where the nonlinear coupling
of chemical and hydrodynamics fields introduce additional
complexity, remains mostly unexplored.

In this article we have investigated the individual and pair-
wise dynamics of micellar-solubilization-based self-propelled
oil droplets in a square capillary offering quasi-1D confine-
ment. The associated advection-diffusion effects are varied by
adding polymer and glycerol as additives to the continuous
aqueous phase. In situ fluorescence visualization of the trail of
filled micelles and the fluid-flow field around the droplets pro-
vide a better understanding of the underlying droplet motion.
Understanding swimming behavior of ADs at the laboratory
scale in confined environments can provide crucial insights
into biological processes and pave the way for technological
applications in microfluidics [38].

II. MATERIALS AND METHODS

Using a microinjector (Femtojet 4i, Eppendorf), 4-cyano-
4’-pentyl-biphenyl (5CB, Jiangsu Hecheng Advanced Mate-
rials Co., Ltd.), oil droplets of diameter 330+ 25 um were
injected in an aqueous solution of 6 wt % trimethyl ammo-
nium bromide (TTAB, Loba Chemicals), used as surfactant.
For different experiments, 1.125 wt % of high-molecular-
weight (8000 kDa) polyethylene oxide (PEO, Sigma Aldrich)
and 80 wt % glycerol (Loba Chemicals) were added sepa-
rately to the aqueous solution. To perform the experiments
in a quasi-2D setting, a custom-made Hele—Shaw cell [see
schematic shown in Fig. 1(a)], with dimensions (1.5 x
1.5 cm?) and thickness ~500 um, was fabricated using clean
glass slides. For the quasi-1D experiments, a square glass
capillary of edge length 500 um and axial length of 4-10 cm
was used [see schematic shown in Fig. 1(b)]. The droplet-
laden solution was injected into the optical cell or capillary.
After injecting the droplets, the edges of the Hele—Shaw cell
and capillary were sealed using grease. To maintain constant
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FIG. 1. (a) Schematic of the quasi-2D experimental setup where
a Hele—Shaw cell is used as the optical chamber with & = 500 um.
The corresponding optical micrograph shown in the inset corre-
sponds to a 5CB swimming droplet in just an aqueous TTAB
solution. (b) Schematic of the square capillary channel used for
quasi-1D experiments and corresponding optical micrograph illus-
trating a SCB swimming droplet in just aqueous TTAB solution.

temperature at 25 °C, the imaging chambers were mounted on
a thermal stage on the upright microscope, Olympus BX53.
The unbiased motion of the x — y trajectories of tracer parti-
cles is included in Fig. S1 of the Supplemental Material [39]
to ensure no flow in all scenarios. To study the self-propelled
motion of droplets, videos were recorded with an Olympus
LC30 or BFS-U3-70S7CC, FLIR camera at 1-30 frames s~!
in the bright-field mode.

Using fluorescent polystyrene particles (3.2 um) as tracers,
fluid flow around the self-propelled droplets was characterized
using particle image velocimetry (PIV) experiments. To probe
the chemical field of filled micelles around the droplets, an
oil-soluble fluorescent dye (Nile Red, Sigma Aldrich) was
added to the SCB phase. Further, the cell was mounted on
an inverted microscope Olympus IX73 equipped with a flu-
orescence illuminator Olympus U-RFL-T (Mercury Burner
USH-1030L), with a laser (A ~ 560 nm) to excite the dye
molecules. An ORX-10G-71S7C-C FLIR camera connected
with the microscope (4-8 X magnification) was used to record
the fluorescence videos. For visibility proposes, illumination
contrast levels were adjusted differently for experiments con-
ducted in a 6 wt % TTAB aqueous solution without any
additives and with 80 wt % glycerol and 1.125 wt % additives.
The x — y trajectories were characterized by tracking the cen-
troid of the droplet with the IMAGE-J software using MTRACK?2
plugins. The velocity vector flow field around the droplets was
characterized using PIVLAB open-source software in MATLAB
[40], and streamlines were plotted in TECHPLOT 360. Viscosity
(n) measurements at 25 °C were carried out using an Anton
Paar MCR 302e rheometer with 25-mm parallel-plate geom-
etry with a gap of 1 mm. The shear rate range of 0.01-1 s~!
was used.

III. RESULTS AND DISCUSSION
A. Dynamics in quasi-2D system

First, we investigate the behavior of active SCB droplets
(~330 wm) in 6 wt % TTAB aqueous solution, with
and without glycerol or PEO as additives, in a quasi-2D
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FIG. 2. Representative x — y trajectories captured for duration At, of the centroids of SCB swimming droplets in TTAB aqueous solutions
containing (a) no additional solute, (b) PEO, and (c) glycerol. Scale bars in (a)—(c) correspond to 350 um. Scale bars in the insets correspond
to 20 um. Corresponding PIV micrographs with flow streamlines around the swimming SCB droplet in (d), (e), (f), and (g), respectively. Scale
bar = 200 um. (h) Corresponding temporal evolution of the angular autocorrelation functions. (i) Speed dynamics of a SCB droplet in TTAB
aqueous solutions containing none, PEO, and glycerol additives. (j) Histogram plots of interpeak time difference for TTAB aqueous solution

(dark gray) and glycerol (inset).

confinement. As a consequence of the bulk concentration of
TTAB surpassing its critical micelle concentration (CMC)
in all of the solutions, the droplets undergo micellar sol-
ubilization, leading to their self-propelled motion [17,41].
As the droplets move, they leave a trail of filled micelles
behind them. The interplay between the advection and dif-
fusion of micelles around the droplets plays a crucial role
in determining their swimming behavior. The occurrence of
spontaneous self-propulsion, driven by the interfacial insta-
bility, is contingent upon the Péclet number Pe = %, where
(v) denotes the droplet average propulsion speed in surfactant
media, R represents the droplet size, and D is the diffu-
sion coefficient of the micelles or surfactant monomer [20].
Here, Pe is determined through experimental characterization
of average droplet speed (v) = (|ﬁ|), where r;(x;, y;) is
the instantaneous position vector, and micelle diffusivity D
values have been adopted from the previous experimental
work [21].

Figure 2(a) illustrates the representative x — y trajectories
demonstrating the motion of 5CB swimming droplets in 6
wt % TTAB aqueous solution with no additional solute. The
unbiased nature of trajectories indicates the absence of any
external convection within the system. While (v) was mea-
sured to be ~42 um s~!, the color (grayscale) coding depicts
the instantaneous speed v,. While the droplets slow down
during turns, they propel faster during the persistent part of
their trajectory, reminiscent of a run-and-tumble-like motion.
The inset illustrates a zoomed-in view of a section of the
trajectory, highlighting the direction fluctuations. The char-
acterization of the flow field illustrated in Fig. 2(d) around
the droplet’s vicinity demonstrates a dipole formation dur-
ing the droplet’s motion, and fitting the tangential velocity
using the squirmer model reveals a pusher mode of swimming
(B = —0.7). Moreover, a quadrupole mode [Fig. 2(e)] is ob-
served during the droplet’s halting state. These observations
of jitteriness in the motion are consistent with the associated
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higher Pe, Pe ~ 498. When a high-molecular-weight polymer
(PEO 8000 kDa) is introduced to the TTAB aqueous solu-
tion, it not only increases the bulk viscosity but also induces
viscoelastic properties in the medium. In such macromolecu-
lar aqueous solutions where the surfactant or micelle size is
smaller than the host polymer size, the surfactant and micelle
diffusivity has been recently identified to be unchanged and
equal to the diffusivity in the solvent, i.e., water [21]. Due
to the combination effect of slower speed (~1.24 um s~ ')
and higher than expected micelle diffusivity (24 um? s=),
the swimming droplets manifest lower Pe (~17) values re-
sulting in smooth persistent motion. A few representative
x —y trajectories of swimming 5CB droplets in the pres-
ence of high polymer concentration (cpgo) are presented in
Fig. 2(b). Fitting the peripheral flow field around the droplet
with the squirmer model results in 8 ~ —0.4, a signature
of the droplet being a weak pusher (see Supplemental Ma-
terial, Fig. S2 [39]). When 80 wt % glycerol is added to the
continuous phase, due to an increase in bulk viscosity (~40
times), the diffusion coefficient of micelles decreases, result-
ing in nearly 57-fold increase in the Péclet number (~31344)
compared to the former case of pure aqueous solution of
TTAB. The representative x — y trajectories shown in Fig. 2(c)
exhibit enhanced jitteriness, while the flow field [Fig. 2(g)]
also demonstrates the quadrupole modes at the halts. These
observations are consistent with previous studies conducted
in the presence of glycerol in TTAB solution [13,25].

It is to be noted that in contrast to our previous work
[21], the droplet size in our current study is about 4 times
larger. With an increase in Pe, a transition from pusher to
quadrupole-dipole (bistable) to dominant quadrupole mode is
observed. Nevertheless, the transitions are consistent with the
Pe-based phase diagram proposed earlier [20,21,25]. Also, in
our experiments, the definition of Pe is based on the exper-
imentally measured droplet speed, resulting in a monotonic
(linear) relationship between droplet speed and Pe while keep-
ing droplet size R and micelle diffusivity D constant. This
relationship holds true for all Pe values, both small and large.
Consequently, our experimental definition of Pe universally
governs the underlying physics of droplet self-propulsion. In
contrast, Hokmabad et al. [25] report a nonmonotonic vari-
ation in droplet speed (v) with respect to Pe due to their
differing definition of Pe, which does not explicitly incorpo-
rate the droplet translational speed v.

Furthermore, the corresponding angular autocorrelation
function C(At) = (%) of the trajectories in different
solutions is shown in Fig. 2(h). Here, (...) demonstrates the
time average over Af. In the case of droplet motion in a
pure aqueous TTAB solution, the angular autocorrelation di-
minishes to zero and displays oscillations with diminishing
amplitude over time. This decline in C(At) to zero affirms that
the droplet’s motion is nondirectional. The oscillations around
zero indicate a slight curling behavior in the droplet trajecto-
ries that is attributed to the nematic phase of the droplet [23].
In the PEO solution, which corresponds to lower Pe values,
C(At) does not exhibit any noticeable decay, confirming the
long-lasting and persistent nature of the trajectories. Over
longer time intervals, C(At) gradually diminishes to zero,
highlighting the slow evolution of randomness in the long-
term trajectories. However, in the presence of glycerol, there

is an increased jitteriness in the droplet’s motion. For small
At values, C(At) rapidly decreases to zero, emphasizing the
short-term randomness in the trajectories. Figure 2(i) depicts
the temporal variation of droplet speed in the three cases. In
the presence of PEO, the droplet maintains nearly constant
speed, while in the other two cases, fluctuations in speed
with time are evident. Figure 2(j) illustrates the corresponding
probability distribution of the interpeak time difference (7')
of the fluctuations. Clearly, oscillations occur more rapidly in
the presence of glycerol (as indicated in the inset) compared
to the case of the pure TTAB aqueous solution.

B. Dynamics in a capillary

After verifying the expected behavior of swimming
droplets in a quasi-2D environment, we set out to conduct
experiments in a square glass capillary offering a quasi-1D
swimming, see schematic illustration shown in Fig. 1(b).
Upon introducing a 5CB droplet (~330 um) from one end of
the capillary, within a few seconds, the droplet commences its
active motion. Since the capillary cross section is marginally
larger compared to the droplet size, the droplet remains spher-
ical [see optical micrograph shown in Fig. 1(b)]. However, the
lateral confinement limits the droplet motion mostly along the
axial (i.e., +x) direction, with varying dynamical attributes in
different surroundings, which we discuss in detail below.

For a swimming droplet in just the aqueous TTAB solution,
a representative trajectory shown in Fig. 3(a) illustrates a rel-
atively complex path traced by the droplet (see representative
supporting material movie S1 [39]). In part of the trajectory
Owm < x < 1200), while the droplet moves along the
positive x axis, it exhibits irregular undulations resulting from
sharp and smooth turns along the y axis. In another section of
the capillary (1300 um < x < 1900), the droplet appears to
move along the wall, resulting in a nearly linear trajectory.
Nevertheless, in contrast to the 2D system, where motion was
primarily random, the quasi-1D confinement enforced by the
capillary predominantly directs the droplet’s net motion along
the capillary axis. In the presence of PEO, the representative
x — y trajectory shown in Fig. 3(b) demonstrates that droplet
exhibits an unexpected straight line motion along the capillary
axis (4x axis) (see representative supporting movie S2 [39]).
Closer inspection of the trajectory reveals the existence of
minor speed fluctuations along with minor changes in di-
rection. In the presence of 80 wt % glycerol, as indicated
by the representative x — y trajectory shown in Fig. 3(c), the
droplet’s long time motion is observed to be undulating about
the capillary axis with a varying lateral gap with the walls (see
representative supporting movie S3 [39]). A closer inspection
of the trajectory reveals the existence of speed and spatial
fluctuations associated with the short time jittery motion. A
comparison of the droplets’ swimming speed and the resulting
Pe values are tabulated in Table I.

The characteristics of the droplet motion in the capillary
while swimming in varying surroundings are also reflected
in their angular autocorrelation data shown in Fig. 3(d). In
just the aqueous TTAB solution, due to quasi-1D confine-
ment which restricts the motion of the droplet along the +x
axis, C(At) does not fully decay to zero. Although the ir-
regular undulations in the trajectory cause some oscillations
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FIG. 3. Representative x — y trajectories of the centroids of SCB swimming droplets in aqueous TTAB solutions containing (a) nothing,
(b) PEO, and (c) glycerol. The dotted lines represent the lateral boundaries for the droplet centroid. Insets in the figures illustrate the zoomed-in
section of the trajectory. (d) Corresponding evolution of the angular autocorrelation function. (e) Speed evolution in different TTAB aqueous
solutions with and without additives. (f) Histogram plots of interpeak time difference of speed time-series for TTAB aqueous solution (dark

gray) and glycerol (inset).

in C(At), the lack of any negative values confirms that the
droplet motion is mostly in the forward direction with negli-
gible backward steps. In case of PEO aqueous solution, the
short-time minor direction fluctuations of the droplet lead
to a discernible decay in C(At) at short At, as depicted in
the zoomed inset of Fig. 3(d). However, in contrast to the
2D system, C(At) does not demonstrate any decay at long
timescales, indicating a persistence motion along the capil-
lary axis. For droplet motion in glycerol aqueous solution,
the droplet’s jittery dynamics closely resemble that of a 2D
system, causing C(At) to sharply decay to zero at short At.
Nevertheless, as illustrated in Fig. 3(d), due to capillary con-
finement restricting droplet motion mostly along the capillary
axis, at longer timescales C(At), saturates ~0.3. Figure 3(e)

demonstrates the corresponding temporal evolution of droplet
speed in the three cases. Within the aqueous TTAB solution,
it is noticed that the amplitude of speed fluctuations of the
droplet is minimal as it moved along the wall. However,
these fluctuations significantly increases once the droplet de-
taches from the wall. The histogram of the corresponding
interpeak time difference (7') of the speed time-series, shown
in Fig. 3(f), demonstrates a unimodal fit with a mode at 2.94 s,
indicating no significant variation in the time period of speed
oscillations. In fact, the peak of the distribution remains nearly
close to the 2D system (2.35 s). In the presence of glycerol, it
appears that due to the 1D confinement, compared to the 2D
case ((v) ~ 37 um s~!), the droplet speed reduces ((v) ~
16 um s~!). However, as shown in the inset of Fig. 3(f),

TABLE . Characteristics of droplet motion in 6 wt % aqueous TTAB solution doped with different additives. Here, the subscript w denotes
the droplet motion along the wall, while ¢ represents motion away from the wall.

(v)

Cadditive um s~ n D Pe
Additive wt % 1D, 1D. 2D Pas um? s~ 1D,, 1D, 2D
None - 12+6 37+£3 42 +4 0.001 29 140 + 70 431 +23 498 + 26
PEO 1.125 - 1.24 +£0.27 1.20 £+ 0.1 17 24 - 18+4 17+1
Glycerol 80 - 16+3 37+3 0.043 04 - 14000 + 2600 31344 1+ 3416

024612-5



PAWAN KUMAR et al.

PHYSICAL REVIEW E 110, 024612 (2024)

Movement

Additive
None

——PEO

—Glycerol
— :

FIG. 4. (a) Schematic to characterize the distribution of chemical field around the droplet. Kymograph plots are obtained for swimming
5CB droplets in aqueous TTAB solutions containing (b) nothing, (c) PEO, and (d) glycerol. Corresponding grayscale fluorescence micrographs
of swimming SCB droplet releasing fluorescent plumes of chemical field are shown in (e), (f), (g), and (h), respectively. Scale bar = 200 um.
(1) Variation of normalized fluorescence intensity plots of chemical plumes around the droplet.

the mode of distribution of the interpeak of speed time-series
increases ~0.8 s marginally when compared to the motion in
the 2D system (~0.37s). In the presence of PEO solution,
similar to the 2D system, the droplet exhibits motion with a
nearly constant speed.

To understand the dynamics of self-propelled droplets
within the 1D constraint of a capillary and discern the dis-
tinctions from their movement in a 2D setting, we conducted
a thorough analysis of the spatiotemporal evolution of the
chemical field (filled micelles) released by the droplets in
their vicinity. As illustrated in the schematic Fig. 4(a), the
peripheral spatial distribution of the chemical field around the
droplet (0 to 27 radians) is evaluated at a distance of 10 um
away from the droplet’s periphery, for which the grayscale
intensity of the fluorescence micrographs is used to generate
the kymograph plots [see Figs. 4(b)—4(d)]. For droplets swim-
ming in just the aqueous TTAB solution, the kymograph plot
shown in Fig. 4(b) indicates that while the droplet is in con-
tact with the wall (¢ ~ 0), the filled micelles are distributed
throughout the anterior (6 ~ 0) to the posterior (6 ~ ) re-
gion around the droplet. Such a distribution of filled micelles
is anticipated to not only decelerate the propulsion speed but
also impede the detachment of the droplet from the wall,
compelling it to glide along the capillary’s wall. Nevertheless,
over time, droplet detachment was observed, and we will
delve into the reasons in subsequent sections. Once the droplet
moves away from the wall and swims along the central region
of the capillary, filled micelles are primarily distributed in a
narrow region on its posterior side. Corresponding grayscale

fluorescence micrographs for droplet swimming in these two
scenarios are displayed in Figs. 4(e) and 4(f), respectively.

In the presence of PEO, a nonzero intensity, albeit lower
compared to the posterior, was measured at the equatorial
region [see Fig. 4(c)], suggesting a more enveloping chemical
field around the droplet in this case. The presence of filled
micelles at the lateral positions (i.e., 6 = 7 /2 and 37w /2)
provides a cushioning effect to the droplet, preventing it from
coming into direct contact with the wall due to the negative
chemotaxis effect [26]. The corresponding grayscale optical
micrograph is shown in Fig. 4(g). The steady temporal evo-
lution of the kymograph plot confirms the consistent droplet
motion along the center line while maintaining a constant
separation from the wall. In the presence of glycerol, as seen
from the optical micrograph [Fig. 4(h)], the chemical field
around the droplet appears distributed nonuniformly from the
lateral to the posterior regions. The kymograph plot [Fig. 4(d)]
indicates temporal fluctuations in this chemical field. This be-
havior is consistent with the previously reported jittery motion
due to the higher (~3 times) solubilization rate of droplets in
the presence of 80 wt % glycerol [13]. The scattered plume of
the chemical field, covering lateral angular positions, again
acts as a cushion preventing the droplet from approaching
the wall. However, due to the temporal fluctuations of this
lateral cushioning effect, discernible undulations appear in the
trajectory. It was also observed that the lateral plume of chem-
ical field spills to the front of the droplet (see fluorescence
micrograph shown in supporting figure, Fig. S3 [39]), causing
a reduction in the droplet’s propulsion speed. Nonetheless,

024612-6



MOTILITY AND PAIR-WISE INTERACTIONS OF ...

PHYSICAL REVIEW E 110, 024612 (2024)

60

i

| L T

| 1 1

v(pm st)

500

1500

1000 l

v(pm st)

FIG. 5. (a) Representative trajectory of a SCB droplet moving along the wall in TTAB solution and (i—v) show the PIV micrographs of
fluid flow field around the droplet at different occasions of droplet (i) approaching towards the wall, (ii) motion along the wall, (iii) before
detachment with wall, (iv) lateral movement after detachment, and (v) rest state. (b), (c) PIV micrographs of fluid flow field around the droplet

for PEO and glycerol, respectively. Scale bar = 200 um.

the motion remains largely restricted along the capillary axis
(4x direction). These characteristics of the chemical field’s
spatial distribution are quantitatively compared in Fig. 4(i),
where the angular distribution of I(#) during the axial motion
of the swimming droplets in the three cases is illustrated. As
expected, for droplets swimming in the aqueous TTAB solu-
tion alone, 1(f) demonstrates a unimodal normal distribution
with a peak located at 6 ~ 7, and tails at O and 2. In the
presence of PEO, while maintaining a similar normal distri-
bution, the width increases compared to the former. Upon the
addition of glycerol, the distribution shows noticeable angular
fluctuations.

After understanding the spatial distribution of the chemical
field around the droplet within the capillary, we proceeded to
characterize the surrounding flow field in the droplet’s vicinity
through PIV experiments. Figure 5(a) illustrates a represen-
tative trajectory of an active SCB droplet swimming in just
aqueous TTAB solution, depicting its approach to one of the
side walls at x ~ 10 um, subsequently movement along the
wall, and its eventual detachment at x ~ 1850 wm. In our

experiments, PIV micrographs shown in Fig. 5 demonstrate
the local fluid flow field captured in different cases. The asym-
metry in flow field surrounding the droplet, Fig. 5(a(i)), brings
it closer to the wall. There, the flow field undergoes further
modification, wherein the streamlines are advected away from
the wall [Fig. 5(a(ii))], which ensures that the droplet glides
along the wall. With time, once the droplet gains speed, more
fluid is brought in vertically towards the wall [Fig. 5(a(iii))]
from the posterior region. Eventually, as the streamlines en-
courage vertical motion, as seen in Fig. 5(a(iv)), the droplet
detaches. Here, we believe that approach of the droplet to-
wards the wall and subsequent departure is stochastic in nature
and originates due to local concentration fluctuations of the
available free micelles. In a 2014 study, Li and Ardekani
conducted numerical investigations into the hydrodynamic re-
sponse affecting the swimming behavior of a squirmer near a
wall [42]. The study predicts that depending on the prescribed
B of the squirmer, three distinct types of swimming behaviors
can be observed a. swimming away from the wall (8 < 1),
b. damped oscillations near the wall (2 < B8 <5), and c.
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bouncing on the wall in cyclic motion (8 > 7). In contrast
to the fixed B in the mentioned numerical study, the observed
variation in streamlines around the droplets in our experiments
suggests a potential change in g as the droplets approach and
detach from the wall. While this observed variation in 8 may
align with the numerical prediction, it’s important to note that
verifying this agreement is challenging due to the difficulties
in experimentally measuring 8 in close proximity to the wall.

Figure 5(b) depicts the PIV micrograph for a swimming
droplet in the presence of PEO in 1D confinement. In contrast
to the behavior observed in a 2D Hele—-Shaw cell, where the
droplet adopts a weak pusher swimming mode, the lateral
confinement here results in neutral swimmerlike characteris-
tics. This is corroborated by the measured 8 values, which
are close to O (refer to supporting figure, Fig. S4 [39]). The
reduction in B aligns with a more persistent motion within
the capillary. Furthermore, during the halt state for droplets
swimming in the presence of glycerol, a distorted but some-
what quadrupolelike mode is observed [see Fig. 5(c)].

C. Pair interactions

Having gained an understanding of the behavior of indi-
vidual droplets in quasi-1D confinement, next we investigate
the dynamics and the underlying interactions between two
5CB droplets swimming within the quasi-1D confinement of
a glass capillary. Initially, the droplets were introduced into
the capillary from opposite ends (refer to supporting movies
S4-S6 [39]), resulting in droplet motion towards each other,
see Figs. 6(a)-6(c). In all cases, after initial unrestricted swim-
ming, the droplets decelerate as they approach each other
head-on, eventually coming to a stop at their closest point.
Subsequently, the droplets reverse their direction of motion
and begin moving apart. To demonstrate the reproducible
nature of scattering behavior during head-on interactions of
droplets, additional representative x — y trajectories are pre-
sented in the Supplemental Material, Fig. S5 [39].

In order to understand this phenomenon, we carried out
fluorescence experiments aimed at examining the distribution
of filled micelles. This was achieved by gauging the intensity
of the chemical field surrounding droplet 1. Figures 6(f)-6(h)
illustrate the fluorescence intensity of the chemical field, rep-
resented as /(0), recorded at angular positions 0 and 7 /3 at
the front, and & and 47 /3 at the back, as illustrated in the
schematics of Figs. 6(d) and 6(e), while droplet 1 was in
motion. In all cases, as anticipated, initially when the droplets
were distant from each other, consistently a lower intensity
of the chemical field at the front, compared to the back, was
measured. Nevertheless, with time as the droplets came closer
to each other, filled micelles accumulated at the front of the
droplet. As a consequence, the interfacial polarity or asym-
metry of the droplets is expected to reduce bringing them to a
halt, as depicted in Figs. 6(i)-6(k). Over time, the concentra-
tion of the interstitial chemical field exceeds the intensity of
the chemical field at the back, leading to repulsive interactions
that push the droplets apart. Despite inherent variations in
the corresponding Péclet number among the three cases, the
observed similarity in pairwise interactions and subsequent di-
verging dynamics is intriguing. However, a notable distinction
arises in the minimum surface-to-surface distance dy,;, during

their closest approach. In the cases of pure water and in the
presence of glycerol, the droplets seem to touch each other
before drifting apart (dnmin = 0). In contrast, in the presence
of PEO, the droplets rebound with a minimum distance of
approximately 15 um before separating [see Figs. 6(1)-6(n)].
In 2019, Lippera et al. conducted a numerical investigation
into the axisymmetric head-on collision of identical chemi-
cally active droplets within a bispherical geometry [35]. The
study projected that irrespective of the underlying Pe num-
ber, the approaching droplets would consistently undergo a
chemical repulsion due to the accumulation of the chemical
field in the intermediate region. This would lead to a gradual
deceleration, followed by a change in direction and eventual
reacceleration as the droplets drifted apart. The research also
emphasized that at low Pe, the chemical field dominated the
hydrodynamic signature of the droplets, causing them to re-
bound at larger interdroplet distances. This is in contrast to
droplets at higher Pe, where stronger hydrodynamic fields
enable the droplets to approach more closely before rebound-
ing. Our experimental observations of pairwise interactions in
systems with varying Pe align excellently with this numerical
prediction.

In the case of PEO solution, another intriguing observa-
tion is witnessed. During their closest approach, the droplets
appear compressed from their facing sides. A decrease in
the curvature on anterior regions of both droplets confirmed
their shape deformation from their usual spherical shape, see
optical micrograph shown in the inset to Fig. 7(a). This defor-
mation was measured in terms of deformation factor ¥ as the
standard deviation in droplet radius calculated by determining
the positions of points on the droplet’s periphery with respect
to the centroid. Figure 7(a) demonstrates the variation in ¥
with interdroplet distance s. For the PEO solution, with de-
creasing s, ¥ stays nearly zero up to a certain value ~400 pum,
and upon further decrease in s, a sharp rise in ¥ is observed. In
our recent work we demonstrated similar shape deformation
in an active SCB droplet swimming in a 2D optical cell filled
with high-molecular-weight polymer solution [29]. Through
careful investigation, we argued that a swimming droplet is
capable of generating strong fluid flow (convection) around it
capable of stretching or compressing the surrounding polymer
chains. If the polymer chains are advected faster compared
to their equilibrium relaxation time, they develop a residual
stress. This competition of timescales is quantified using Deb-
orah number De = %, where v represents fluid convection,
is the polymer relaxation time, and R is the droplet size. At
higher De, the droplet generates high strain rates (%), and as
a consequence, the unrelaxed polymer chains generate extra
normal stresses on the droplet interface, resulting in droplet
deformation. During the free swimming of droplets in the
polymer solution, no droplet deformation is observed, and it
is only when two droplets approach each other closely from
opposite directions that any deformation is evident. Contrary
to our earlier findings, at this instant of maximum deforma-
tion, the droplets were the slowest, suggesting associated De
be the lowest as well. It is important to highlight that Dwivedi
et al. used the droplet speed as a measure of fluid flow to
estimate the strain rate experienced by the polymer chains, in
the context of an isolated freely swimming droplet. However,
when two droplets approach from opposite ends and interact
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FIG. 6. Trajectories [color (grayscale) coded by instantaneous speed] of swimming 5CB droplets after being injected from the opposite
ends of the capillary in (a) aqueous TTAB solution with no additive (b) upon adding PEO and (c) upon adding glycerol. Schematic to determine
the fluorescence intensity around droplet 1 at (0 and 7 /3) and (7 and 47 /3) angular positions when droplets (d) approach and (e) scatter.
Temporal evolution of fluorescence intensities different angular positions for droplet-1 swimming in (f) aqueous TTAB solution with no
additive (g) upon adding PEO and (h) upon adding glycerol. Arrows indicate the droplet’s direction of motion. The difference in fluorescence

intensities between the anterior and posterior regimes of droplet 1

as a function of droplet velocity along the x axis in (i) aqueous TTAB

solution with no additive (j) upon adding PEO and (k) upon adding glycerol. Grayscale micrographs of head-on interactions of droplets at their
minimal distance in aqueous TTAB solution with (1) no additive, (m) upon adding PEO, and (n) upon adding glycerol. Scale bar = 200 um.

closely, their overlapping plumes of chemical field in the in-
termediate region generate strong fluid flow which decelerates
them significantly. Since at this instant droplets are nearly
halted, this strong fluid advection in the intermediate zone is
not accurately represented by droplets’ individual speeds and
instead should be measured using PIV experiments. Similarly,
the droplet size (R) is not an accurate estimate of length scale
over which the fluid convection decays; rather, it must be
half of the intermediate gap thickness between the droplets’
surfaces at their closest approach L, where their speeds
are the lowest. PIV measurements [see Figs. 7(b) and 7(c)]
reveal strong fluid flow (v ~ 3.5 um s~!) in the intermediate
region. For T ~ 25 (see Ref. [29]) and an intermediate gap

of Liin ~ 9 um, it results in an associated De = iﬂ ~ 1.5,

‘min

verifying droplet deformation due to extra normal stresses
imparted by the ambient stretched polymer chains. Subse-
quently, the droplets were introduced in rapid succession from
the same end of the capillary. In Fig. 8(a), optical micro-
scopic images taken at different time instances show a pair
of droplets moving within a TTAB aqueous solution. Here,
droplet 1 takes the lead and droplet 2 appears to follow it
as they move along the wall. With time, when the leading
droplet’s speed increases it eventually detaches from the wall,
resulting in the discontinuation of the trailing behavior of
droplet 2. This dynamic response is captured by the change in
the interdroplet distance (s) with the x distance (X ) traversed
by the leading droplet, measured from its initial position, as
illustrated in Fig. 8(d). Consistent with the random nature of
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FIG. 7. Variation in deformation index (y) with interdroplet distance (s) for SCB swimming droplets (a) in aqueous TTAB solution
containing 1.125 wt % PEO. Insets illustrate the optical micrographs of the droplets both in deformed and undeformed states. (b), (c) PIV
micrographs of fluid flow field around the droplet for 1.125 wt % PEO. Scale bar: 200 um.

droplet’s detachment from the wall, this pair dynamics was
observed to vary over time and across different regions within
the capillary. In the case of PEO solution, no such coupled
motion was observed. In fact, a monotonic increase in s with
X [see Fig. 8(d)] indicates an inherent repulsive interaction
between the droplets. On the other hand, in the presence of
glycerol, as shown in the optical micrographs captured at O s,
40 s, and 80 s in Fig. 8(c), the droplets mostly moved together.
The brown line in Fig. 8(d) depicts negligible variation in s
with X;. In fact, it was observed that droplet 2 chases droplet
1 throughout the length of the capillary (see supporting movie
S7 [39]). Further, we plotted the interdroplet distance (s) with
the y distance (Y) traversed by the leading droplet, measured
from its initial position, as illustrated in Fig. 8(e). In just water,
significant variations in s are observed with fluctuations in Y1,
whereas, in the presence of glycerol s remains unchanged.
This difference suggests that the coupled motion of droplets
observed in case of just water is not actually a chasing behav-
ior; instead, their forced movement along the wall results in an

impression of droplet 2 chasing the droplet 1. Upon repeating
the same experiments, similar behavior was observed in all
scenarios (see x — y trajectories in supporting figure S6 [39]).

To comprehend the chasing behavior observed in glycerol
solution, we conducted fluorescence experiments to assess the
chemical field’s intensity at the anterior (0 to 7 /3) and the
posterior (;r to 41 /3) regions of the trailing droplet 2, with
varying the interdroplet distance s [see Fig. 9(a)]. As depicted
in Figs. 9(c) and 9(d), the posterior region exhibits a notably
higher presence of the chemical field compared to the anterior
region. We suspect that during the approach of the trailing
droplet, due to higher Pe, the combined advection effects in
the intermediate region sweep the filled micelles from that
region towards the rear end of the trailing droplet. This revised
asymmetry in the distribution of the chemical field results
in a more pronounced flow field in the negative x direction
supporting the forward motion (+x direction) of the trailing
droplet toward the leading droplet (see PIV micrograph shown
in Supplemental Material Fig. S7 [39]).

e —— Os 35s
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FIG. 8. Grayscale optical micrographs of swimming SCB droplets after being injected from the same end of the capillary in aqueous TTAB
solution (a) with no additive, (b) upon adding PEO, and (c) upon adding glycerol. Scale bar = 200 um. (d) and (e) display the corresponding
interdroplet separation from their centroids with the distance traveled by the leading droplet 1 from its initial position in the X and Y directions,

respectively.
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FIG. 9. Grayscale fluorescence micrograph of a pair of 5CB
droplets highlighting the intermediate plume of chemical field while
swimming (left to right) in aqueous TTAB solution in the presence
of (a) glycerol and (b) PEO. Kymograph plots of the chasing droplet
around the (c) anterior and (d) posterior regimes. (e) and (f) represent
the kymographs for the chemical field around the rear droplet’s ante-
rior and posterior regimes, respectively, for a pair of SCB swimming
droplets in aqueous TTAB solution containing PEO.

In the case of PEO solution, as demonstrated in Figs. 9(e)
and 9(f), a contrasting scenario unfolds. Here, at the an-
terior region of the rear droplet, a higher concentration of
the chemical field accumulates between the two droplets
[Figs. 9(e) and 9(f)], generating a chemotactic repulsion be-
tween the droplets. As a consequence, the separation between
the droplets increases with time. The underlying reason for
this disparity in chemical field distribution is due to the dif-
ference in the associated Péclet numbers. In pure water and
glycerol solution, higher Pe values promote the distribution
of the chemical field away from the droplet through stronger
advection. However, this is not the case in the presence of
PEO, where owing to smaller Pe values, the distribution of
micelles primarily occurs through diffusion, which results in
a localized accumulation in the intermediate region between
the droplets.

The similarity of the repulsive interactions between the pair
of 5CB droplets in the presence of PEO during their head-on
and head-tail interactions emphasizes the primary influence of
chemical-field-mediated interactions due to the low Pe. This
aligns with the previously documented, more concentrated
distribution of the chemical field around the droplets in solu-
tions involving macromolecules (as noted in [21]). However,
the varying behavior of pair interactions in higher Pe systems
(in the presence of glycerol, and in just water) indicates differ-
ences in their hydrodynamic interactions during their head-on
and head-tail approaches, resulting in distinct distributions of

the chemical fields. In the head-tail approach, it seems that
the leading droplet’s ability to move rightward to gather free
surfactants creates more robust advection currents around it,
preventing the buildup of filled micelles in the space between.
However, during the head-on approach, as neither droplet has
the opportunity to gather free surfactants from either side,
the currents weaken, leading to the accumulation of filled
micelles in the interstitial region. The PIV micrograph shown
in supporting Fig. S7 offers evidence of higher convection
in the head-tail approach as compared to the head-on ap-
proach. Nevertheless, understanding these orientation-specific
interactions requires further exploration through a dedicated
2D investigation, which we intend to undertake in the near
future. In 2020 Lippera et al. reported on the asymmetric
head-on collisions between different-sized droplets with large
Pe difference and predicted a tailing behavior wherein the
droplet with larger Pe chases the droplet with lower Pe [43].
This study further highlights the complexity of the pairwise
interactions of droplets, which underscores the need for more
elaborate experimental investigations.

IV. CONCLUSIONS

The current study presents a comprehensive investigation
into the micellar solubilization-driven self-propelled motion
of 5CB droplets within an aqueous surfactant (TTAB) solution
in a square capillary. Our exploration aims to understand
how the physical one-dimensional confinement within the
capillary affects the swimming behavior of isolated 5SCB
droplets and their pair interactions at varying Péclet numbers
(Pe). We introduce macromolecular (high molecular weight
PEO) and molecular (glycerol) solutes to adjust the under-
lying Pe. Employing detailed characterization techniques for
both the hydrodynamic field (PIV) and chemical field (flu-
orescence) surrounding the droplets, we illustrate how the
one-dimensional confinement provided by the capillary walls
alters the distribution of the chemical field around the droplet,
resulting in a notable difference in droplet swimming com-
pared to a 2D geometry. This effect is distinctly observed
in the three cases where the strength of micelle advection
to diffusion, represented by the Pe number, differs. In PEO
and glycerol solutions, an accumulation of the chemical field
between the droplet and the capillary wall leads to droplet
motion away from the wall. Conversely, in the absence of
any additive to the surfactant solution, irregular motion with
occasional gliding along the wall and subsequent detachment
is observed.

Regarding pairwise interactions, head-on approaching
droplets scatter in all scenarios. In the case of PEO, at the
closest point of approach, droplets deform from their typical
spherical shape due to the increase in the local De associated
with intermediate fluid flow. In glycerol, when moving in
the same direction, droplets exhibit attraction, resulting in
chasing behavior. However, when approaching from opposite
ends, they scatter after reaching the closest point. Our ob-
servation of scattering in all scenarios is explained based on
the distribution of the chemical field during their interaction.
However, the chasing behavior in glycerol is expected due to
the stronger advection that influences the distribution of the
chemical field.
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