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The motion of biological swimmers in typical bodily fluids is modelled using a system of micellar
solubilization driven active droplets in a viscoelastic polymeric solution. The viscoelastic nature of the
medium, as perceived by the moving droplet, characterized by the Deborah number (De), is tuned by
varying the surfactant (fuel) and polymer concentration in the ambient medium. At moderate De, the
droplet exhibits a steady deformed shape, markedly different from the spherical shape observed in
Newtonian media. A theoretical analysis based on the normal stress balance at the interface is shown to
accurately predict the droplet shape. With a further increase in De, time-periodic deformation
accompanied by an oscillatory transition in swimming mode is observed. The study unveils the hitherto
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1. Introduction

Biological micro-organisms such as bacteria, protozoa, and
sperm cells utilize non-reciprocal motion of the appendages
attached to their surface, such as flagella or cilia, for swimming
at very low Reynolds number. The propulsion of these micro-
organisms is heavily influenced by their interactions with the
environment, resulting in their capability to sense and respond
to the surrounding hydrodynamic and chemical fields. In the
presence of external flow, bacteria and sperm cells have been
reported to exhibit up-stream rheotaxis."™* The presence of
molecular solutes can also trigger chemotaxis or negative
chemotaxis based on the nature of interaction of the solute
with the swimmer.>® Similarly, the presence of macromolecu-
lar solutes such as proteins and enzymes induces viscoelasticity
to the environment. Such a macromolecular matrix not only
acts as a physical and chemical barrier for the microorganisms
but also affects their propulsion characteristics and influences
the growth of colonies. Over the years, scientists have investi-
gated the motion of biological micro-organisms in both
Newtonian and complex environments.”*® Patteson et al.
demonstrated that the addition of a small amount of polymer
in a Newtonian medium can drastically reduce tumbling ten-
dency of E. coli due to enhanced viscosity while increasing their
swimming speed due to enhanced elasticity. Similarly, the
impact of viscoelasticity and shear-thinning nature of the
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unexplored rich complexity in the motion of active droplets in viscoelastic fluids.

surrounding fluid on the locomotion of Caenorhabditis elegans
has been studied. It has been shown that the activity of
Caenorhabditis elegans is reduced due to the development of
hyperbolic points near the nematode’s surface, inducing large
extensional viscosities brought in by the viscoelastic nature of
the bulk fluid."® We suggest some recent articles that present a
thorough overview of the dynamics of biological microorgan-
isms in complex environments.*®*”

Inspired by the unique ability of micro-organisms to survive
and propel in a variety of complex environments, recent scien-
tific attempts have focused on synthesizing artificial micro-
swimmers capable of extracting energy from their surroundings
and executing spontaneous mechanical motion.'® Their non-
equilibrium transport characteristics have garnered significant
interest due to their potential implications in a multitude of
applications, including cargo delivery in microscopic domains,"®
healthcare,”® environmental remediation,” among others. One
popular artificial microswimmer is that of an active Janus particle,
which is a single particle with its two halves made of two different
surface chemistry. These particles typically employ self-generated
local gradients of a physicochemical field by interacting
asymmetrically with the surrounding fluid to propel via a mecha-
nism known as phoresis.*” A gradient of chemical solutes around
the particle leads to propulsion due to self-diffusiophoresis.****
Similar self-propulsion has been achieved using mechanisms
such as self-thermophoresis (temperature gradient)** and self-
electrophoresis (electric field gradient).”>*® Apart from exploring
the dynamics of active particles in conventional Newtonian
environments, their behavior in non-Newtonian environments
such as polymer solutions,”” ' bulk passive tracer bath** and
under external flows®® has also been investigated.
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Another popular class of artificial microswimmers is that of
active droplets. These active swimmers self-propel due to the
Marangoni stress induced by interfacial tension gradient along
the droplet interface. In an otherwise isotropic droplet with
uniform surfactant coverage, the required asymmetry is spon-
taneously generated by either a targeted chemical reaction,**°
droplet phase separation,®” or micellar solubilization.*®*™*" Due
to its ease of use and non-reactive nature of the constituents,
micellar solubilization is the most commonly preferred method
to produce stable and persistent droplet propulsion. Here, a
surfactant concentration (> Critical Micellar Concentration
(CMQ)) in the bulk phase is maintained, which results in a
high droplet solubilization rate. Under these circumstances,
minor disturbances in the droplet position or local fluctuation
in the surfactant density around the droplet are sufficient to
generate a spontaneous asymmetry of interfacial tension gra-
dient resulting in the onset of Marangoni stress at the interface.
This generates a flow from the region of low interfacial tension
to high interfacial tension region along the droplet surface
causing the droplet to move in the direction opposite to the
interfacial flow. During this propulsive movement, the droplet
encounters more empty micelles at is the front and leaves a trail
of filled micelles in the rear region, which ensures that the
asymmetry in the surfactant concentration at the droplet inter-
face is maintained. Thus, the self-sustained Marangoni stress
results in a persistent droplet locomotion (see Fig. 1).

In recent years, several experimental and theoretical
studies have investigated different aspects of active droplet
behavior in diverse ambient conditions.*>**">® For example,
an increase in droplet speed with increasing surfactant concen-
tration and droplet size has been reported.*® Further studies
have shown that active droplets respond to gradients in
bulk surfactant concentration leading to a unique chemo-
tactic behavior.> In the presence of external flows within a
microchannel, active droplets have been reported to perform

Influx of empty micelles

©)

50 um

Outflux of filled micelles

Fig. 1 (a) Schematic of micellar solubilization induced self-propulsion of
droplets. (b) Fluorescence micrograph of an active 5CB droplet (50 pm)
tagged with Nile red fluorescent dye releasing a trail of filled micelles.
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upstream locomotion.
addition of molecular solutes,*>*® boundary walls and
gravity,”> have also been been investigated on active droplet
behavior. Most of these studies have limited their focus to a
Newtonian bulk environment. For a comprehensive review on
such studies we recommend a few recent review articles.>®>®
Recently, Dwivedi et al,”® experimentally investigated the
dynamics of a thermotropic liquid crystal 4-pentyl-4-
cyanobiphenyl (5CB) active droplet in an aqueous trimethyl
tetradecyl ammonium bromide (TTAB) surfactant solution
doped with polyethylene oxide (PEO) as polymer. The study
was, however limited to weakly viscoelastic systems. Since most
biological microswimmers live in complex biological fluids, it is
crucial to understand the dynamics of artificial active droplets
in complex environments. In contrast to active colloids, the
deformability of active droplets render them as ideal candi-
dates to biomimic the swimming strategies employed by micro-
organisms in complex media.

In this article, we report the active motion of 5CB droplets in
ambient media with significant viscoelasticity. Unlike pre-
viously explored Newtonian/weakly viscoelastic media, here
we show that the normal elastic stresses generated by the
stretching polymer chains at the droplet interface produce
significant deformation of the motile droplets. The deforma-
tion of active droplets due to the ambient elasticity is shown to
be inextricably linked to the swimming mode employed by the
active droplets.

Similar effects of droplet size,
50,51

2. Experimental methodology
2.1 Materials

5CB liquid crystal was used as the dispersed oil-phase and
deionized water was used as the continuous aqueous phase.
TTAB was used as a cationic surfactant, and polyethylene oxide
of molecular weights (M,’s) 1 x 10° and 8 x 10° Da were used
as macromolecular additives. All chemicals were purchased
from Sigma Aldrich and used as received. For particle image
velocimetry (PIV) experiments, red-colored fluorescent tagged
colloids of size 500 nm were obtained from Thermo Fisher
Scientific.

2.2 Sample preparation and rheological measurements

Aqueous TTAB solutions with varying concentrations of PEO
with different M,,s were prepared. For uniform mixing, samples
were stirred overnight at a very low speed. The bulk viscosity
(7o) and polymer relaxation time (t) of the samples were
measured using steady shear and frequency sweep (strain of
1%) oscillatory rheology at 25 °C using rheometer with a
Couette assembly (TA Instruments DHR3). The relaxation time
(r) was calculated by analyzing the crossover of the storage
modulus G’'(w) and the loss modulus G”"(w) (¢f. Fig. 4). Table 1
lists the physico-chemical properties of the different samples
used in this study.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Physico-chemical properties of different ambient media

System description Rheological features

CTTAB M., peo CpPEO Mo T
Fluid wt% Da wt% Pas S
1 6 NA NA 0.001 0
2 6 8 x 10° 1 11 1
3 21 8 x 10° 1 11 1
4 21 1 x 10° 4.2 13 0.025
5 21 8 x 10° 1.25 28 2

2.3 Droplet production and flow visualization

Using a micro-injector (Femtojet 4i), 5CB droplets were injected
into the surfactant-laden aqueous solutions (with and without
polymer). By tuning the injection pressure, injection time, and
compensation pressure of the Femtojet 4i, droplets of nearly
uniform diameter ~50 pm were produced. A low number
density of droplets was maintained to avoid droplet-droplet
interaction. The resulting emulsion was subsequently injected
into a custom-made Hele-Shaw optical cell (length and width of
1 cm and vertical height of 50 um), prepared using cleaned
(ultrasonicated in ethanol, and subsequently plasma treated
and nitrogen dried) glass slides. To avoid evaporative losses,
the optical cell was properly sealed using wax. Fresh optical
cells were used for every sample. The optical cell was placed on
a temperature-controlled stage on an upright polarized optical
microscope (Olympus BX53) at a target temperature of 25 °C
(see Fig. 2). Isolated active droplets were visualized using an
Olympus LC30 camera with 2048 x 1532 pixels” resolution in
brightfield mode at 20 fps. The motion of the droplets was
tracked using Image-] software. We duplicated a series of
images and converted them to binary masks, which repre-
sented the droplet in each image. Subsequently, using an
outline command boundary of the droplet shape in each frame
was traced. From the X and Y coordinates of the droplet’s
boundary, we determined the geometrical center of the shape,
allowing us to track the droplet trajectory in each image. To
obtain the hydrodynamic field around the droplet, the sur-
rounding medium was doped with red fluorescent tracers
(500 nm Polystyrene particles), and Particle Image Velocimetry
(PIV) experiments were conducted using fluorescence micro-
scopy. The experiments were captured using an ORX-10G-
71S7C-C, FLIR camera with 3208 x 2200 pixels® resolution,
with a constant exposure setting throughout the video.

Microscope objective

Femtojet 4i S

5CB droplet in aqueous
surfactant solution + Polymers

Fig. 2 Schematic representation of the experimental setup along with a
micrograph depicting an active droplet with a diameter of 50 pm.
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3. Results and discussions

First, we describe the characteristics of active motion of 5CB
droplets in an aqueous surfactant solution with crrag = 6 Wt%
with no added PEO (fluid 1). Consistent with earlier reports on
active motion in Newtonian media,***®*® at short time scales,
the droplets exhibit ballistic motion (U ~ 15 um s~ ), retaining
their spherical shape (Fig. 3(a)). Next, we perform experiments
with 1 wt% PEO of M,,; = 8 x 10° Da added to the surfactant
solution, i.e., fluid 2. Due to the increased viscosity (7, = 11 Pa s)
of the solution, droplets move slower (U ~ 2-3 pm s~ ') while
retaining their shape (see Fig. 3(b)), consistent with our earlier
report.>® Further, keeping the PEO concentration at 1 wt%, we
increase the surfactant concentration from 6 wt% to 21 wt%
(fluid 3). Upon increasing the surfactant concentration, U is
enhanced (~8-10 um s~ '), which is also in agreement with
previous studies.*®®® However, in this case, the increase in
speed is interestingly accompanied with significant droplet
deformation, with the droplet being elongated at its rear end.
(see Fig. 3(c) and Movie S1, ESIt)

Under an externally imposed Newtonian flow field, past
studies have investigated droplet shape deformation well in
detail.®*®” A competition between the viscous stresses and the
interfacial tension characterized by the capillary number

(Ca = %) and the viscosity ratio (/1 = %) determines the
0
shape of the droplet. Here #; and #, are the droplet and the bulk

phase viscosity, U is the droplet speed, and ¢ is the interfacial
tension. It has been shown that typically, Ca > 0.1 results in
droplet deformation due to strong viscous stresses. In our
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Fig. 3 Representative trajectories, color-coded by the speed of the active
5CB droplets in fluid (a) 1 (b) 2 (c) 3 and (d) 4. The scale bars correspond to
100 um. The enlarged insets are the optical micrographs demonstrating
the deformed shape of the droplet in (c) and the undeformed shape in (d).
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system, Ca is of the order of 107>~10~>. Further to also rule out
the effect of viscosity ratio in the case of fluid 3 (1 ~ 0.01), we
conducted additional experiments in fluid 4 (M, 1 =1 x 10° Da,
crrag = 21 wt%) with an identical viscosity ratio as fluid 3
(4 ~ 0.01). Interestingly, in contrast to fluid 3, the droplets
maintained their spherical shape during self-propulsion in
fluid 4. (see Fig. 3(d)). These observations conclusively demon-
strate that observed droplet deformation in our active 5CB
droplets is not dependent on factors such as Ca or /. Instead,
the elasticity of the surrounding medium may play a significant
role in the deformation.

Several past studies have shown that rising bubbles and
droplets exhibit shape deformation due to the viscoelasticity of
the ambient medium.®®*®° Therefore, to quantify the strength of
elasticity of the ambient media in our experiments, we deter-
mined the Deborah number De (=Ut/a), defined as the product
of polymer relaxation time (z) and the characteristic strain rate

U
(;) . Here U is the droplet speed and a is the droplet diameter.

The relaxation time (t) for different polymer solutions was
obtained using the rheological measurement as described ear-
lier (see Fig. 4(b)). Table 2 lists U, and the resulting De values

(a) 102 bk B ALY B L, AL B AL B |

A 4.2 wt% PEO 1000kDa
O 1wt% PEO 8000kDa

0O 1.25 wt% PEO 8000kDa
XY

10" |

10?

G', G" (Pa)

O 1.25wt% PEO 8000kDa ]
O 1wt% PEO 8000kDa 3
A 4.2 wt% PEO 1000kDa

11 sl vl 2a sl P
10" 10° 10 102
w(rads™)

Fig. 4 (a) Flow sweep experiments showing the variation of bulk viscosity
no with shear rate 7 and (b) frequency sweep experiments for different
polymer solutions carried out at a strain of 1%. Closed symbols and open
symbols represent storage (G'(w)) and loss moduli (G”(w)) respectively.

3786 | Soft Matter, 2023,19, 3783-3793

View Article Online

Soft Matter

Table 2 Viscoelastic characteristics of different ambient fluids

System description Propulsion characteristics

CTTAB My, peo CPEO U De
Fluid wt% 10°Da  wt% pms '  Yes/no Deformed
1 6 NA NA 15 0 No
2 6 8 1 12 0.04 No
3 21 8 1 10 0.20 Yes
4 21 1 4.2 6 0.003 No
5 21 8 1.25 2-16 0.10-0.60 Yes

for the different fluids. Clearly, at low De, for fluids (1, 2 and 4)
no deformation is observed, and only beyond a moderate De,
ie., De > 0.20 in the case of fluid 3, noticeable deformation
was observed.

Although active droplets are known to be weak pushers,
as a first approximation we assume the surrounding flow field
and the resulting elastic stresses to be qualitatively given by a
droplet driven by an external field. With this assumption, we
determine the droplet shape following the methodology out-
lined in Noh et.al.®® The ambient fluid is treated as a Boger
fluid that accounts for the viscoelastic stresses in the medium.
The shear viscosity is taken to be a constant. Such a model
helps to isolate the physics of viscoelasticity from shear-
thinning in polymer solutions. Although the polymer medium
has a shear thinning behavior, it cannot lead to the observed
droplet deformation. This is because the rear end with a larger
curvature would have stronger velocity gradients (thereby lower
local viscosity) than the front end (with higher local viscosity).
Hence, the local capillary number would be larger at the front
end as compared to the rear end, leading to conclude that a
larger deformation is to be expected at the front end, contra-
dicting the experimental observations. Hence, viscoelasticity of
the ambient medium must be the dominant physics behind
droplet deformation. Therefore, this minimalist Boger fluid
model is shown to satisfactorily predict the experimentally
observed shape deformations. Consider a uniform streaming
flow of the ambient fluid in the droplet frame (see Fig. 5). We
assume the flow around the droplet to be creeping flow. At
leading order, the creeping flow solution for the streaming flow
of a Newtonian fluid past a spherical bubble is given by

1 Y\ .
u, = (l —;) cos0,uy = —(1 —5) sin 0, (1)

which along the bubble surface gives

36,70

1
u =0, up = 3 sin 0. (2)

Note that this flow is non-uniform at the front and rear end of
the droplet. With the presence of polymers in the bulk phase,
non-uniformity in the surrounding fluid flow leads to different
orientations and stretching of the polymeric chains at these
locations leading to different normal elastic stress at the
droplet surface. The viscoelastic fluid is approximated by the
finitely extensible nonlinear elastic (FENE-CR) dumbbell

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Schematic of a deformed droplet as adapted from ref. 69.

model.”" The dumbbells evolve according to

oA - AL NS
oy TU VA=A Vut V- A=A -T) 3)

Here, A is an ensemble average of the dyadic product RR of the
dumbbell end-to- end vector R. For the steady creeping flow
solution given earlier in eqn (1) and (3) reduces to the following
four ordinary differential equations (ODEs) in n-6 along the
droplet surface,

dA4,. 4 cos0A, —2[ f(R)/D](A, — 1)

do sin 0

dA4, _ 3 cos0A,9 — 2[ f(R)/D]A

do sin 0

(4)

dAgy _ —2 cos0Ay) — 2[f(R)/D}(A99 — 1)

do sin 0
ddyy _ =2 cos0Ags —2[/(R)/D|(Agp — 1)

do sin 0

The initial conditions for the ODEs are obtained using finite-
ness constraint for the right hand side terms in eqn (4) as 6 —
n, thereby leading to

f(R) _
~4dy =27 Ay — 1) =0,

- (3 + 2@) A =0,

()

2A00 — 2@(1‘19@ — ]) =0,

R
2494 — %(AM -1)=0,

This journal is © The Royal Society of Chemistry 2023
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L=315De =0.20
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(before encountering droplet
frontal interface)

(b)

Region of low
y interfacial speed

Region of high

interfacial speed &/ Highly stretched polymer

network (near droplet rear
interface )

Fig. 6 (a) Variation of components of A along the droplet surface. (b)
Schematic representation of polymer network evolving around an active
droplet with rear deformation.

In the above, f(R) is defined as

1
R)=———; tr(A) = A, + Ag + Agy.
f(R) T t(d) 12 (A) = Ay +Ag + Aggp
From the initial conditions, we find that A,y = 0 and Agg = A, at
0 = . It is thus evident from eqn (5) that A,) = 0 and Ayp = Ay in
the entire domain of 0. We thus solve the ODEs numerically to
obtain the distribution of A along the droplet surface that
quantifies the polymeric chain orientation and thus its con-
tribution to the additional normal elastic stress. Fig. 6(a)
. Run:
depicts the result for L = 315 and De = 0.5, where L = ——
g
Rmax and R, are the contour length and the radius of gyration of

the polymer respectively. Rp,a, Of 8 x 10° molecular weight PEO
is calculated using its monomer size of 0.28 nm.”> Assuming
water to be a good solvent, R, of PEO in water is determined
using R, = 0.02M"%%,”* where M is the molecular weight of PEO.
From the figure, it is clear that the polymer chain is stretched at
both front and rear stagnation points. At the front (6 = «t), the
local flow field causes the polymer chains to be stretched in
directions parallel to the droplet surface. However, at the rear
stagnation point, the stretching is in the direction normal to

Soft Matter, 2023,19, 3783-3793 | 3787
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the surface as indicated by the diverging values of 4, (see
Fig. 6(a)). This shows that the stretched polymer chains con-
tribute to droplet elongation at the rear stagnation point
through 4, in the form of an additional normal stress at the
rear end.

The droplet shape deformation is quantitatively determined
using the normal stress condition at the interface, given as

c 1
—p+2E, + Ef(R)A" = av - n + const, (6)

where p is the pressure, ¢ is the polymer concentration
parameter,”* Ca is the capillary number, and E,, is the radial
component of the strain-rate tensor, E = (Vu + V,,")/2. Assum-
ing the droplet deformation to be small, the droplet shape can
be written as

r0) =1+ giﬁnPn(cos 0) +0(&?), (7
n=2

where ¢ is defined as ¢ = cCa, P,(cos#) are the Legendre
Polynomials and O(¢%) are the higher order terms which are
neglected. Substituting eqn (7) in eqn (6), and solving for f,
(see ESIt), we obtain

2n+1 J Tf(R)

——A,,Py(cos0)sindo. (8)

ﬁnzz ODC

(n+2)(n—1) X
Here, f5,, denotes the projection of droplet shape on the nth
Legendre polynomial basis function. It is imperative to note
here that we have considered only a one-way coupling of the
flow affecting the polymer conformation, and ignore the cou-
pling back of the polymer stresses on the flow field. This
assumption and the use of the FENE-CR model are strictly
valid for dilute-solutions. However, even with these assump-
tions, we show that the model satisfactorily predicts the qua-
litative behaviour observed in the experiments.

To quantify the degree of deformation, a metric called the
deformation index, i, is defined as the standard deviation of
the distance of points along the droplet perimeter with respect
to its geometrical center. The shape of the deformed droplets
predicted by the model is compared with the experimentally
observed shapes in Fig. 7. A satisfactory agreement of the
experimentally obtained shape with the numerical prediction
validates the hypothesis that the droplet deformation near the
rear stagnation point arises due to the additional elastic normal
stress associated with the stretching of polymer chains at the
droplet interface.

To investigate the effect of enhanced viscoelasticity further,
we conducted experiments in fluid 5 (see Table 2), where cpgo is
increased to 1.25 wt%. In this medium, the active droplet
exhibits a well-defined periodic zigzag motion (Fig. 8a). The
droplet first propels smoothly in one direction followed by a
deflection in direction by ~70-90°. The droplet then continues
moving smoothly along this new direction for around the same
time, until being deflected again, this time however in the
opposite direction (see Movie S2, ESIT). It is to be noted that
this zigzag motion is different from the previously reported
jittery motion®®”*”> with repeated stop-and-go events, where
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o De (experiment) 0.35
— De (model) 0.17

o De (experiment) 0.44
— De (model) 0.20

o De (experiment) 0.50
A — De (model)  0.23

Fig. 7 Experimentally obtained shape of the deformed droplets overlaid
with the model prediction for three different values of De.

the directional fluctuations are random (Fig. 8b). Additionally,
the resting state in jittery motion is attributed to the non-
propulsive quadrupolar flow-field mode, whereas, no such
quadrupolar mode is observed in the zigzag motion (discussed
later in the manuscript).

Fig. 9(a) depicts a representative section of the zigzag
trajectory, color coded by U. The enlarged inset demonstrates
the smooth intermediate section between two successive turn-
ing events of the periodic trajectory. The optical micrographs
correspond to the droplet images captured at different
instances. These images reveal a time-dependent shape defor-
mation exhibited by the droplet. First, the droplet is at its
lowest speed and is nearly spherical with minimum deforma-
tion. Subsequently, it accelerates while getting deformed at its
front. Thereafter, with further increase in speed, at around half
the time period, the deformation shifts to the equatorial region
of the droplet rendering it elongated. Next, the droplet slows
down, while getting deformed at its rear end. Finally, the
droplet regains its original shape with negligible deformation
and slow speed, before switching the direction and repeating
the cycle. Fig. 9(b) depicts the in-phase time-dependent varia-
tion in U, y and De for a few zigzag cycles. The maximum
deformation occurs at the highest U corresponding to the
highest De, wherein the droplet has an elongated shape. The
least deformation is observed during the change in droplet
direction, when the droplet is the slowest with the lowest
value of De.

This journal is © The Royal Society of Chemistry 2023
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Zigzag
(b)

Jittery

Fig. 8 (a) Representative trajectories of active 5CB droplets (~50 pm)
with Z|gzag motion in fluid 5 and (b) jittery motion in 80 wt% glycerol
aqueous solution containing 6 wt% TTAB. The scale bars correspond to
100 pm.

In 2019 Hokamabad et al.”® demonstrated that 5CB nematic
shells (i.e. 5CB droplet encapsulating a water droplet as core)
exhibit shark fin meandering motion with significant curvature
in their trajectories. The curvature in the trajectories was
attributed to the off-centre displacement of the isotropic core,
resulting in elasto-nematic effects, and the sudden deflection in
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motion was a result of chemotactic repulsion. The speed of the
shells was observed to first decay gradually followed by a
sudden rise, which led to a strong curvature in the trajectory.
However, in our observations, the patterns resemble saw-tooth
shapes with minimal curvature. Further, the temporal variation
of droplet speed is symmetric in its decelerating and accelerat-
ing phase. In order to rule out the possibility of elasto-nematic
effects being responsible for the observed zig-zag motion, we
repeated the experiments with CB-15 ((S)-4-cyano-4'-(2-
methylbutyl)biphenyl), an isotropic isomer of 5CB, as the
droplet phase in fluid 5 (21 wt% TTAB and 1.25 wt% 8 x 10°
Da PEO). The results are presented in Fig. S1 (ESIt), which show
that the isotropic droplet also undergoes a zig-zag motion
along with deformation. This confirms that the nematic elas-
ticity of 5CB phase is not responsible for droplet deformation.

Next, to visualize the flow field around the droplet we seeded
the surrounding medium with fluorescent tracers (500 nm
polystyrene particles) and particle image velocimetry (PIV)
was used to compute the tangential velocity u(R,0) at the droplet
interface in the co-moving frame of reference. The interfacial
velocity, u(R,0), can be described using only the first two modes

of the squirmer model”””® as u(R, q) = B, sin(0) +% sin(20).

. B . . .
The ratio, ff = 1?2 determines the swimming mode. The droplet
1

is a puller for f > 0, neutral for § = 0, and pusher for § < 0.”°

Fig. 10(a) depicts the variation in U and f with time during
one cyle of the zigzag motion. Fig. 10(b(i-vii)) are the snapshots
of the flow field around the droplet at intermediate instances.
With time, f decreases continuously showing a transition of
swimming mode from puller (deformed at the front) to neutral
(elongated at the equatorial region) to pusher (deformed at the
rear). At the beginning of the cycle with the puller and neutral
mode the direction of motion remains nearly unchanged.
Subsequently, the motion undergoes direction change when
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Fig. 9 (a) X-Y trajectory, color-coded by the droplet speed, of an active 5CB droplet (~50 um) in fluid 5. Enlarged insets are the optical micrographs of
droplets at different instances. (b) Corresponding variation in U, ¥ and De with time. Region 1,2 and 3 correspond to frontal, equatorial, rear deformation
states respectively. Region 4 corresponds to the transition state with minimum deformation.
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the droplet acquires the pusher mode. We also note that
towards the end of the cycle, the pusher strength increases,
characterized by the large magnitude of f (<0). This
behavior is in agreement with previous reports demonstrating
that the pusher mode is more susceptible to directional
fluctuations.*”>°

In 2011, Zhu et al®® numerically demonstrated that for a
spherical pusher, the polymer chains are primarily stretched at
the rear end, generating a localized normal stress therein.
Likewise, in a spherical puller, the polymer chains are mainly
stretched at the sides generating a localized normal stress at
the equator. Our experimental observations are in line with
these numerical predictions. During the pusher mode, the flow-
field around the droplet ensures that polymer chains are
radially stretched (large local values of 4,, as captured by the
model) close to the rear end. This results in additional normal
stress at the droplet interface, causing the droplet to deform at
the rear end, adopting a pusher mode. During the puller/
neutral mode in agreement with the predictions of Zhu
et al.,*® the local velocity field stretches the polymer chains
along the equatorial region. The resulting additional normal
stress produces noticeable deformation at the frontal/equator-
ial region. Our results also validate the predictions of Daddi-
Moussa-Ider et al.** and Nasouri et al.®* that for swimmers with
the front-end deformation, the puller mode is optimal.
Whereas, for swimmers with rear-end deformation, the pusher
mode is optimal.

Finally, the question remains as to why the droplet exhibits a
zigzag motion. Using a numerical analysis, a similar mode-
switching periodic motion, albeit without deformation, was
predicted by Li.** The study proposed that depending on the
competing effects of advection and diffusion of micelles, i.e.,

U
Pe = % (where a is the droplet diameter, U is the droplet speed

and D is the micelle diffusivity), a higher Pe can result in a
periodic zigzag motion. With further increase in Pe, aperiodic
zig-zag oscillations, characterized by a combination of triangle,

3790 | Soft Matter, 2023,19, 3783-3793

quadrangle, and mixed waves while transitioning between
pusher and puller states were predicted. The reason for such
unexpected deflections was proposed to be the emergent inter-
actions between the secondary and primary wakes of low
surfactant concentration. However, in one of our earlier experi-
mental works,> it was demonstrated that at vanishing De,
droplets retain their spherical shape, and the mode of propul-
sion is mainly dictated by the competition between the advec-
tion and diffusion of the micelles, i.e., Pe. Increasing Pe only
leads to a change in droplet swimming mode from puller to
pusher and quadrupolar, manifesting as a decrease in the
droplet persistence length, and an increase in jitteriness. How-
ever, no periodic zig-zag motion was observed, which is also
consistent with other experimental reports wherein similar Pe
based mode-switching has been reported.*”**° In fact, using
the metholody reported in ref. 59, for this study we determined
D ~ 3 um”s™ ' resulting in similar Pe ~ 70 for both pusher and
puller mode (Fig. 10(b(i) and (vii))) during the zig-zag cycle.
This confirms that Pe alone cannot explain the zig-zag motion.

Based on our earlier findings®® and the predictions by Li,*
we suspect that zig-zag trajectories are a consequence of the
droplet periodically adopting pusher and puller swimming
modes. Such a periodic mode-switching has never been
observed in the absence of droplet deformation. In the current
work with stronger viscoelastic effects, i.e., above a critical De,
droplet deforms and adopts a puller-neutral-pusher swimming
mode, resulting in a zig-zag motion and periodic reorientation
events. Using the schematic shown in Fig. 11(a), we aim to
provide an explanation for the systematic deflections asso-
ciated with the zig-zag behavior. At the end of one zig-zag
cycle, the droplet adopts a pusher mode with supply of fresh
surfactant/empty micelles being localized at the equatorial
region. Therefore, the chemotactic bias causes the droplet to
align its propulsion in the direction of fresh feed. For the
maiden cycle, the equatorial feed is expected to be symmetric
with respect to the propulsion direction so that the droplet can
turn either way. The diffusion time scale for filled micelles

This journal is © The Royal Society of Chemistry 2023
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(@) Schematic depicting the mechanism of zigzag motion of the active 5CB droplet. (b) Droplet trajectory and (c) temporal evolution of their

corresponding speed (U) for different droplet sizes in fluid 5. (d) Schematic of proposed phase diagram between Pe* and De mapping the different modes

of droplet swimming under various surroundings.

2
released from the droplet, #4 (: %) , is obtained to be ~833 s,

which is roughly two orders of magnitude higher than the time
scale (~8 s) between alternate deflections observed in the
droplet motion. Thus, the droplet experiences significant nega-
tive autochemotactic effect® from its micelle-filled primary and
secondary wakes, resulting in a periodic zigzag motion. Regard-
ing the associated time-period of the oscillations, we speculate
it to depend on the time scale of micelle diffusion and convec-
tion captured by the corresponding Pe. To verify this hypoth-
esis, for our experimental system in fluid 5, we adjusted the Pe
by changing droplet size while maintaining the higher De
values to invoke droplet deformation. We observed that at
low Pe, the droplet (diameter ~ 30 um) undergoes a steady
motion while getting deformed from its rear. Increasing the Pe
with droplet size of 50 um results in a zig-zag motion with a
time period of 4 s (see Fig. 11(b) and (c)). Further increasing the
droplet size to ~100 pm results in aperiodic zig-zag motion
with a shorter time period of 2 s (see Fig. 11(b) and (c)).
Increasing the droplet size beyond 150 pm, resulted in a jittery
motion. This confirms our hypothesis that Pe plays a major role
in setting the time-scale of oscillations. We have tried to
summarize and qualitatively illustrate our findings on Pe and
De with the help of a potential phase diagram (see Fig. 11(d))
which we can foresee emerging from all of our experiments,
including the work already discussed in ref. 59. Nonetheless, we
maintain that a separate and comprehensive study is necessary
to obtain a deeper understanding of the exact time period of

This journal is © The Royal Society of Chemistry 2023

oscillations and constructing a complete phase-diagram. For
reaction-driven swimming droplets, Schmitt and Stark®* pre-
dicted that at high Marangoni number a similar mode-
swithcing oscillating state can be achieved.

4. Conclusions

We report that in viscoelastic solutions, the extension of poly-
meric chains at the active droplet interface leads to the gen-
eration of additional normal elastic stress localized at the
droplet interface, resulting in droplet deformation. The extent
of deformation is controlled by the Deborah number, De, of the
ambient fluid that can be tuned by varying the ambient
surfactant and polymer concentration. We show that the com-
bined effect of associated Péclet number (Pe) of droplet, its
deformation induced mode-switching and negative autoche-
motaxis results in zigzag trajectories. We foresee that with
synergistic efforts from experiments, theory and simulations,
a more comprehensive understanding of the self-propulsion of
active droplets in complex fluids will be achieved. While our
observations are for synthetic active droplets, we envisage that
it provides essential insights into the diverse range of active
motion displayed in nature by biological swimmers.
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