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Shape-Evolving Structured Liquids

Paul Y. Kim, Shipei Zhu, Joe Forth, Ganhua Xie, David A. King, Brett A. Helms,
Paul D. Ashby, Ahmad K. Omar, and Thomas P. Russell*

Migration, division, and reconfiguration – functions essential to living
systems – are driven by active processes. Developing synthetic mimics is an
outstanding challenge. Lipid bilayers that bound natural systems are locally
deformed by active species, e.g., microtubules, but the resulting non-equil-
ibrium shapes relax when active species motion ceases, and the shape
changes lack immediate control. A fully synthetic system is described, driven
by active particles encapsulated by a reconfigurable nanoparticle-surfactant
membrane that undergoes shape fluctuations reminiscent of living cells.
These shape changes are preserved after particle activity stops. Surfactant
concentration tunes the interfacial tension over three orders of magnitude,
making on-demand shape evolution possible. Directional migration, division,
and reconfiguration across multiple scales are possible, leading to a new class
of biomimetic, reconfigurable, and responsive materials, paving the way for
autonomous synthetic machines.

1. Introduction

Activematter plays a crucial role in shaping cells and bacteria, en-
abling essential biological functions, likemotility, division, recon-
figuration, and replication. Intracellular actin networks generate
leading-edge protrusions, e.g., lamellipodia and filopodia, by im-
pinging onto and locally deforming the lipid-bilayer cell mem-
brane, enabling directional cell migration.[1–4] To design artificial
systems capable of dynamic, life-like functions, both synthetic
and natural complex systems that actively consume energy have
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been investigated.[5,6] Given the ease with
which they can be produced and have their
composition altered, droplets make for par-
ticularly promising platforms for produc-
ing synthetic, soft, active systems.[7,8] How-
ever, while droplet-based Marangoni swim-
mers are comparatively easy to formulate,[9]

the design rules by which one might make
systems of droplets capable of deforming
themselves are still unclear, often requir-
ing the incorporation of complex biological
parts.[10] Natural microtubule filaments, fu-
eled by ATP hydrolysis, exhibit chaotic flow
at aqueous two-phase droplet interfaces,
driving spontaneous droplet motility.[11]

Chaotic flow of activemicrotubule networks
can also shape the water-water interface
with ultralow interfacial tension and con-
trol the dynamics of aqueous phase separa-
tion, such as disrupting interface continuity

and driving droplet generation.[12,13] However, this active force
is insufficient to deform liquid interfaces, such as water-oil inter-
faces and liquid-air surfaces, with high interfacial tension. In con-
trast, active particles, such as self-propelled active nematics[14,15]

and active colloids powered by electric/magnetic fields,[16–18] can
generate stronger active force by internal active flow or particle-
interface collisions to induce dramatic shape changes of mem-
braneless liquid-in-air droplets. Self-propelled particles encap-
sulated in giant unilamellar vesicles locally deform the lipid
membranes, resulting in dramatic shape changes, including
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Figure 1. Shape evolving structured liquid driven by active magnetic rollers a) Schematics of the experiment and a magnified scheme of the oil—water
interface. b) Time-lapse images of the deformation of typical structured liquid droplets with an interfacial tension of 1.342 mN m−1and c) 0.126 mN
m−1. 80 μm nickel particles (black dots) turn into active rollers under a vertical magnetic AC field of 3.5 mT, 30 Hz square wave. The images in 1c were
taken from Video S1 (Supporting Information) where the times provided are when the magnetic field was turned on. The images in 1b are over the same
time period. The scale bar sizes are 1 mm.

tether-like protrusions and highly branched structures.[19–21] But
the shape changes in these systems are not permanent, as the
bare liquid–liquid or liquid-air interface and the lipid membrane
will relax elastically when motion of the active matter ceases.
The properties of the biological materials used in these com-
plex systems are also intrinsically predetermined, limiting their
tunability.
Structured liquids, produced by the interfacial formation, as-

sembly, and jamming of nanoparticle surfactants (NPSs), are re-
configurable and, due to the tunability of the interfacial tension,
𝛾 , over three orders of magnitude (from ≈101 down to ≈10−2

mN m−1), provide an ideal platform for generating evolution-
ary, energy-interconverting systems.[22] Here, we show that, when
subjected to an AC magnetic field, paramagnetic spherical parti-
cles roll and aggregate at the interface of an oil droplet at which
NPSs are assembled, resulting in directional shape changes, as
well as division and translational motion of the droplet. The ac-
tive particles continuously push on and locally deform the mem-
brane which is tuned to have a sufficiently low interfacial ten-
sion by the NPS assembly. This deformation generates additional
bare interfacial area, resulting in more NPSs binding to newly
exposed interfacial area. Relaxing back to the pre-deformed state
would thus require the ejection of these newly bound NPSs, a
process with stiff kinetic limitations. As a result, these jammed
NPS assemblies can lock in these deformations for extraordi-
narily long timescales. Active particles accumulate at locally de-
formed convex surfaces, further amplifying the irreversible defor-
mation, generating a protrusion or tether that is preserved when
the activity-inducing field is removed and the active particle mo-
tion ceases. The kinetics of structural evolution depends on the
activity of the particles, the interfacial tension of the NPS mem-
brane, droplet size, and the contact angle of the encapsulated liq-

uid with the substrate. The NPS assemblies in the evolutionary
systems described here aremore tunable than classic amphiphile
bilayers and establish a platform to replicate natural systems and
to design artificial autonomous machines from the microscopic
to the macroscopic length scales.

2. Results and Discussion

A chloroform droplet containing nickel particles (≈40 particles
in 1.5 μL) with diameters of 80±19 μm is deposited in a pool
of water on a leveled, oxygen-plasma cleaned, borosilicate cover
glass, as illustrated in Figure 1a. The density contrast between
chloroform and water results in the droplet resting on the glass.
The hydrophilic surface of the substrate increases the contact
angle of the droplet (from 90.8° to 146°), preventing the encap-
sulated active particles from being trapped at the edge of the
droplet. Negatively charged polystyrene sulfonate (PSS), a sur-
factant, withMw = 7,000 g mol−1 is dissolved in the water, while
positively charged POSS-NH3Cl nanoparticles with diameters of
1.5 nm are dispersed in the chloroform. The opposing electro-
static charge of these two components results in their assembly
into NPSs at the oil—water interface and a reduction in the oil—
water interfacial tension, 𝛾 . By varying the concentration of both
PSS and POSS-NH3Cl between 0 and 80 mg mL−1, we can con-
tinuously vary 𝛾 from 22 down to 37 μN m−1 (Table S1, Support-
ing Information). For droplets with high surface tensions (𝛾 =
1.342 mN m−1, Figure 1b), the incorporated ferromagnetic ac-
tive Ni rollers,[23] which are energized by an AC magnetic field
of 3.5 mT and a 30 Hz square wave applied normal to the sub-
strate surface (Figure 1a), disperse within the droplets and accu-
mulate at their edges, but cause no perceptible shape changes
to the droplets. A typical example of this behavior is shown in
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Figure 2. Membrane deformations by active magnetic rollers. Local number densities a) and trajectories b) of randomly selected particles in an un-
bounded fluid. c) Trajectories of confined particles in a droplet at an early stage (≈4s). d) Schematics of the side-view of interfacial deformation by
magnetic rollers. e) Droplet before (left) and after (right) deformation by rollers from side view. f) Time-lapse side view images with a ≈2s interval of
magnetic rollers deforming a droplet and generating a satellite droplet.

Figure 1b. As droplet surface tensions are reduced to 0.126 mN
m−1 (Figure 1c), the response of their interfaces to the active par-
ticles changes significantly. Under such low interfacial tension
conditions, the interfacial membrane deforms, the deformation
is amplified, and a protrusion grows from the circular droplet as
the particles perform work on the NPSmembrane encapsulating
the droplet (see Figure 1c and Movie S1, Supporting Informa-
tion for typical examples). The active particle size also plays an
important role as demonstrated in Figure S1 (Supporting Infor-
mation), with the extent of droplet deformation increasing enor-
mously as the active particle diameter is increased from 40 μm
up to 140 μm. Driven entirely by the external field, the system
does not exhibit unwanted effects, such as fuel depletion and
flow disturbances, observed in swimmers propelled by chemical
reactions.
In an unbounded fluid without a surrounding aqueous phase,

the active particles gathered within a 1.8 mm radius from the
center, where the magnetic field is relatively uniform (Figure 2a).
When a 30 Hz square-wave, 3.5 mT magnetic field was applied
to the system, the instantaneous speed of these unbounded ac-
tive particles ranged from 1 to 5 mm s−1 and appeared inde-
pendent of local particle density (Figure S2a–c, Supporting In-
formation), however the persistence length of the particles tra-
jectories decreased in denser areas due to the increased particle-
particle interactions (including magnetic dipole–dipole interac-
tions) (Movie S2, Supporting Information). The pair correlation
function of the particle locations indicated that particles main-
tained a minimum center-to-center separation of 2.9d (d is parti-
cle diameter ≈80 μm, Figure S2d, Supporting Information) from
each other, a result of the combined magnetic repulsive and hy-
drodynamic forces.[24,25] The particle speed showed a strong de-
pendence on the frequency of the applied magnetic field, with

both the speed and width of the speed distribution increasing as
frequency was increased from 10 to 60 Hz (Figure S3a–d, Sup-
porting Information). Similarly, the persistence length of the par-
ticles varied strongly with the oscillation frequency of the mag-
netic field, ranging from ≈1.7 mm at 10 Hz down to ≈0.1 mm
at 60 Hz (Figure S3e, Supporting Information). A frequency of
30 Hz is used in these studies, where the particles show a more
uniform speed distribution (Figure S3a, Supporting Informa-
tion) and the persistence length of the particle trajectories is com-
parable to the typical droplet diameter, ≈0.5–1 mm. The encap-
sulated active particles are thus significantly confined. In some
instances, the aspherical shape of the ferromagnetic particles led
to a rocking motion at low-frequency fields and a rolling motion
with a chirality in the 2D projected helical trajectories at frequen-
cies above 10 Hz, consistent with observations made in a previ-
ous study.[23] Finally, we note that motion in this system is dom-
inated by viscous dissipation, and the rolling motions stop when
the field is removed.
Upon confinement within a droplet, the persistent motion of

the particles resulted in theirmigration to the edges of the droplet
over time (Figure 2c). Side view images show strong vertical de-
formations of the droplet by the particles and elucidate themech-
anism of droplet deformation (Figure 2d–f). As evidenced in
Figure 2f, the membrane deformation is driven primarily by par-
ticles that are obstructed by the droplet membrane but energized
to keep rolling. This figure also confirms that the deformed shape
is preserved by NPS membrane. Transient stacks of particles,
which form vertically along themagnetic field in denser areas, ex-
ceed the height of the droplet near the droplet–substrate contact
line, leading to large vertical deformations of the droplet (Movie
S3, Supporting Information), while the outward push from
the rolling particles deforms the membrane horizontally. These
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Figure 3. Particle segregation to the droplet membrane due to persistent motions of particles. a) Distribution of particles in the droplet, 4 and 18 s after
switching the magnetic field on. Contour lines are separated by 0.1 mm. The number of particles at the drop boundary (red) becomes larger than that
in the bulk phase (white). b) Droplet perimeter and the number of particles at the boundary as a function of time. c) Normalized number of particles as
a function of particle-to-boundary distance at different times.

deformed membrane shapes are then locked in-place by the as-
sembly and jamming of NPS.
The confined active magnetic particles rapidly accumulate at

the droplet membrane wall[26–29] as shown in Figure 3a. In an
initial growth phase, the length of the perimeter of a 2D pro-
jection of the droplet shape increased linearly with time due to
membrane deformation, revealing the constant growth rate of the
protrusion edges (Figure 3b) before eventually plateauing. This
plateau is reached 15 s after the initial deformation began and is
determined by the conservation of droplet volume. The droplet
height (as measured from the substrate) was not observed to de-
crease below ≈130 μm (Figure 2e). The droplet center was de-
pleted of particles within 10 s after the external field was applied,
and more particles migrated to the droplet membrane wall as the
perimeter of the droplet increased. Figure 3c shows the distri-
bution of particle-to-membrane distances at different stages of
perimeter growth, indicating that the fraction of particles in con-
tact with the membrane progressively increases up to 80% un-
til the perimeter reaches the plateau. A fraction of particles re-
mained separated from the membrane wall despite the increas-
ing perimeter, which is attributed tomagnetic repulsions by parti-
cles at the membrane, a preference for accumulation at locations
where the membrane wall is more outwardly deformed from the
droplet, as shown in Figure 3a, and, since the particles continue
to spin, some fraction of particles will eventually spin away from
the wall.
The magnitude of active force, Fact, can be equated to the drag

force by assuming that interparticle interactions are negligible
under the dilute condition. In the absence of particle interactions,

the drag force is estimated as 3𝜋𝜂dvact for unbounded spheres in
three dimensions, where 𝜂 is the solvent (chloroform) viscosity,
and vactis the active particle velocity. The strength of the active
forces relative to the interfacial forces determines whether the
active particles can drive significant membrane deformations. To
quantify this, let us consider the active force required to produce
a protuberance of size R, which we shall treat as approximately
circular for simplicity. As such, the active particles must over-
come the Laplace pressure, P𝛾 = 𝛾/R imposed by the surface ten-
sion. Here, we have neglected any changes in the height of the
droplets, which are much smaller than their in-plane deforma-
tions. Ignoring negligible hydrodynamic effects, the active parti-
cles can only apply a force on themembrane while in contact with
it. If a number, N, of active particles are at the membrane wall,
they will exert a total force, NFact, over an area d L, where L is the
perimeter of the membrane. Comparing the “active pressure”,
Pact = NFact/d L, to the Laplace pressure and using our measured
tensions we estimate that N/L ≈ 4.8 mm−1 active particles per-
unit-length of membrane perimeter are sufficient to produce a
deformation of order R = 1 mm.
This estimation compares favorably with experimental obser-

vations. In Figure 3a, we see protrusions whose perimeter is ≈

2 mm sustained by eight or nine particles. Similarly, Figure 4b
shows that deformations begin to present themselves after 7s
when, from Figure 3b, the average line density of active particles
at the membrane is approaching 4 mm−1. A corollary of our esti-
mate is that those parts of the droplet perimeter where the active
particles have most densely accumulated shall be most notice-
ably affected. This is demonstrated in Figure 3a, where the three
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Figure 4. Shape evolution of the droplet and particle distribution on the membrane. a) Centroid-to-membrane distances, L, around the droplet contour
at different times. Contour location is measured as a distance, normalized by the drop’s perimeter length, from the drop centroid’s north in a clockwise
direction (starting (0) and ending (1) at the centroid’s north) (see Figure 4b 18s). Particle positions on the boundary are overlayed in black dots. b)
Deformation along the boundary, colored as in panel (a). c) Curvature 𝜅 (color coded) of the contour locations mapped over time, with the top of the
map being time zero before the field is applied. The red square (confined particles on convex boundary) is mapped to the red circle in d), while the blue
square (sliding particles on concave boundary) is mapped to the blue circle in (d). (d) Particle trajectories and distribution along the deformed boundary
at evolution times of 4, 7, and 18 s.

regions of high local particle density led to three distinct defor-
mations. The importance of low membrane surface tensions is
also captured since, if it were too high, an impossible number of
active particles would need to be packed along the droplet perime-
ter. It is worth noting that if the particles were passive Brownian
spheres, their Boltzmann statistics would prohibit their accumu-
lation at the boundary. Therefore, given the relatively low num-
ber density of particles inside the droplets,≈27mm−3, the droplet
deformations exhibited here could never be seen without particle
activity.
The evolution of the droplet shape is established by active

particles producing regions of high curvature, 𝜅, on the walls
of the droplet (Figure 4). Plotting the evolution of the droplet
centroid-to-membrane (wall) distances for clockwise contour lo-
cations (starting (0) and ending (1) at the centroid’s north, nor-
malized by the drop perimeter length) as a function of elapsed
time shows how these membrane deformations grow over time
(Figure 4a). Particles start to impinge on the interface ≈2.3 s
after the external field is applied, leading to the formation of
membrane undulations (amplitude ≈0.05–0.2 mm). These un-
dulations incline the membrane with respect to the rolling di-
rections of nearby particles, and nearby particles move along the
inclined membrane toward the protrusions, aggregating at re-
gions of higher 𝜅. This newly formed aggregate of particles collec-
tively pushes the membrane and further amplifies undulations
(amplitude ≈0.6–1.4 mm) into leading protrusion edges, with

multiple smaller undulations observed to coalesce into larger,
extended tendrils (Figures 4a,b, and 5a). Accordingly, small un-
dulations of ≈0.05–0.2 mm merged into fewer but larger pro-
trusions of ≈0.6–1.4 mm. Figure 4a,b shows the evolution of
the droplet centroid-to-membrane (wall) distances as a function
of elapsed time, with particles on the membrane represented
as black dots. As multiple protrusion edges develop, particles
at the edges continue to push the membrane at their respec-
tive locations. Figure 4b shows that narrow range of centroid-
to-membrane (wall) distances of 1.2 μm (at 4 s), characteris-
tic of a more circular shape, significantly broadens to a range
from 0.56–2.24 μm (at 23 s), and the approximate locations of
protrusions did not change after the initial formation of the
protrusions (at 4 s).
The formation of leading protrusion edges is influenced by

the initial shape of the droplet and the distribution of particles
before the external field is applied. If these initial conditions
could be controlled (which was difficult to achieve in our stud-
ies, given the preparation conditions we used), the nature of the
shape evolution of the droplet could be manipulated. As previ-
ously discussed, droplet shape and particle motion influenced
each other, leading to a configuration where multiple protrusion
edges emerged from the droplet, with more particles accumulat-
ing at the leading edges. This interaction is better explained by
the membrane curvature, as it defines the gradient in the slope
against the rolling particles.
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Figure 5. Shape evolution of the droplet and particle distribution on the membrane. a) Horizontal slices of the contour map in Figure 4a at different
times, exhibiting growth of small undulations into fewer but larger protrusions. b) Average distances between neighboring particles, D, at the drop
boundary after 15 s as a function of the curvature of the droplet contour.

Figure 4c,d shows the relationship between the membrane
curvature and elapsed time using the same plotting procedure
as in Figure 4a. The uniform positive curvature of ≈0.6 mm−1

increases to 8 mm−1 at protrusion edges. Adjacent to the edges,
the membrane curves inward with a negative curvature, ranging
from −1.3 to −0.6 mm−1, indicating that the membrane is elon-
gated by a point force exerted at the lead edge of the protrusion.
Although the edges trap only three or less particles, neighbor-
ing particles slide toward the edge to apply additional force for
the shape deformation. Figure 5b shows the average distance be-
tween two neighboring particles on the membrane as a function
of the membrane curvature, at an elapsed time of 15 s. Neigh-
boring particles are densely packed at protrusion edges that are
deformed with a greater curvature. The trapped particles at the
edge are exemplified by the red box/circle in Figure 4c,d. The
membrane between protrusions is unstable for particles due to
the negative curvature, making particles slide back and forth in
this region, as depicted in the blue box/circle in Figure 4c,d.
As the protrusions grew in length, a neck formed that nar-

rowed with extension of the protrusion to the point where sepa-
rated droplets broke off when the rate of diffusion of NPs (POSS-
NH3Cl) to necking regions ismuch smaller than the rate of defor-
mation during the later stage of the evolution. When the droplets
split, the parent and newly formed droplets migrated in opposite
directions when the force exerted on one side surpassed that on
the other. In Figure 6a, due to the field strength being stronger
near the solenoid’s off-center, particles are directed along the out-
ward field gradient once they escape the uniform field center.
For protrusion edges extending to this distance, particles align
horizontally along the gradient and experience stronger outward
forces, leading to accelerated necking and subsequent droplet
separation. When the neck breaks, liquid in the necking region
occasionally traps 1–3 particles, forming a satellite droplet. No-
tably, with a higher membrane curvature (radius of 1.5–3d), the
Laplace pressure ΔP = –2𝛾H (where H represents mean curva-
ture) is approximately twice as high as that of the parent droplet
when the contribution ofmembrane elasticity is neglected.While
membrane deformations caused by the particles are rarely ob-
served in such cases, the droplet exhibits translational and rota-
tional motions due to the coupled movements of the particles.

To investigate the potential to generate active droplets, we
changed our glass substrate to a flat silicon wafer treated by oxy-
gen plasma to reduce adhesion between the droplets and the sub-
strate. The biased distribution of active particles on the boundary,
inwhich particle aggregates in regions of high curvature, induced
directional motions of the droplet on the substrate. If the force
applied to the membrane is greater than that between the mem-
brane and the substrate, the entire droplet will be moved by the
active particles. As shown in Figure 6b, once the active particles
are confined at the leading edge of a protrusion, the deformed
droplet is moved by the particle actions in the direction of pro-
trusion growth. If the advancing contact angle of the lead edge
of the protrusion is greater than the receding edge of the droplet
with the substrate, the entire droplet shapewill become elongated
in the direction of droplet motion. If the advancing and receding
contact angles are the same, the droplet will freely move without
additional deformation of the droplet. This behavior also holds
for droplets that break off when long protrusions or tethers nar-
row during growth.
Finally, we note that when the magnetic field is turned off, ac-

tive particle motion and, therefore, droplet deformation imme-
diately cease. The membrane encasing the droplet will begin to
contract to reduce the interfacial area and, in so doing, will com-
press the NPSs at the interface, causing them to jam and lock-
in the highly non-equilibrium shape indefinitely, i.e., the droplet
shape has evolved. If the magnetic field is turned on again, the
impingement of the active particles on the NPS membrane will
break the interfacial jam of the NPSs, and the evolution of the
droplet shape will resume. This cycle will continue on-demand
until the supply of either the non-active NPs (POSS-NH3Cl) or
ligands is exhausted.

3. Conclusion

We demonstrate a shape-evolving system of oil droplets in water
that is deformed by active magnetic rollers. The extent of the de-
formation of the droplets is determined by both the rollers them-
selves and the interfacial tension of the system, which is tuned
over three orders of magnitude (from 22 down to 37 μN m−1)
by the adsorption of NPSs at the oil-water interface. Upon being
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Figure 6. Directional motion of the droplets by active rollers a) The Protrusion edge creates necking and subsequent separation when it enters areas
with in-plane outward field gradients. Satellite droplets showing translational and rotational motions without wall deformation. Time-lapse images from
left to right at a 2 s interval. b) Particles with a biased distribution at a convex boundary location lead to droplet migration. Scale bar is 200 μm.

placed in an oscillating magnetic field, the magnetic particles be-
gin to roll and accumulate at the edge of the droplet, leading to
the formation of protrusions and liquid tendrils at sufficiently
low interfacial tensions. These deformations are locked in place
by the further assembly of NPSs at the newly created oil-water
interface, which jam in response to thermodynamically driven
reductions in interfacial area. The shape-evolving structured liq-
uids represent a new class of materials that are biomimetic, re-
configurable, and responsive, opening pathways for autonomous
synthetic machines powered by active matter.

4. Experimental Section
Preparation of Shape-Evolving Droplets: A Helmholtz coil for generat-

ing the external magnetic field wasmade in house, by winding an 18 gauge
enameled copper wire on to a plastic spool of 13 mm height and 25 mm
diameter. An Accel TS250 waveform amplifier was connected to an Agilent
33120A function generator to produce ±7.5 V peak-to-peak square waves
with a maximum output current of ±6.0A to support the optimized field
strength of 3.5 mT. A cell-culture dish with a 3.5 cm diameter was placed
on the Helmholtz coil. The dish was fitted with a 22mm square cover glass
as a substrate.

All chemicals except for Ni particles were purchased from Sigma
Aldrich. The dish was filled with a solution of poly(sodium 4-
styrenesulfonate) (PSS, 70 kg mol−1) in deionized water. Ni powders
(−150 + 200 mesh, 99.9% trace metal basis) from Fisher Scientific were
thoroughly washed by sequential bath sonication in toluene and iso-
propyl alcohol, followed by drying in an oven at 80 °C overnight. A stock
solution of the droplet phase was prepared by dissolving POSS ([3-(2-
aminoethyl)amino]propyl-heptaisobutyl substituted, 20mgmL−1) and Su-
dan red (1 mg mL−1) in chloroform. Ni particles were sedimented in a
1.5 mL conical tube of the POSS solution, and then, using a 10 μL pipette
tip, ≈3–5 μL solution with particles was deposited on the cover glass in

the PSS solution. The chloroform droplet, being denser than the surround-
ing aqueous phase, remained stably on the substrate. Although particles
dispensed through a pipette tip accumulated at a single location in the
droplet, they dispersed immediately when an external field was applied.

Tracking of Droplet Shape and Particle Motions: The color movies were
recorded at 19.6 fps in a 2456 × 1842 square pixel resolution by using
an Olympus SZ40 stereo microscope. The entire image processing, ex-
cept for single particle tracking, was conducted with MATLAB 2018b. To
facilitate tracking of the droplet’s evolving fronts, the droplet phase was
dyed red with Sudan Red (1 mg mL−1). 8-bit red color intensities in each
frame were used to differentiate the droplet from the background by us-
ing the intensity thresholding, where the outermost pixels of the droplet
phase were defined as the droplet membrane or wall. The level set method
was used to track the membrane shape change. For every pixel in each
frame, the closest distance from the droplet membrane was calculated as
a level set ϕ (>0 for outside and <0 for inside the droplet). ϕ was spatially
smoothed with a 2 D Gaussian blur to reduce the effects of a pixelated im-
age. The normal vector n⃗ to the dropmembrane was estimated as a spatial
gradient of ϕ, i.e., n⃗ = ∇𝜙∕|∇𝜙|, and the local membrane curvature was
calculated from n⃗ with the equation 𝜅 = ∇ ⋅ n⃗. The droplet deformation F
between the frame intervals 0.051s was assumed to occur in n⃗ direction
from the preceding frame, as expressed in ϕt + F |∇ϕ| = 0. The parti-
cle positions were determined through 2D cross-correlation of a particle
and the grayscale images of blue color intensities, where the droplet was
nearly invisible. The computed correlation displayed sharp peaks at par-
ticle centroids, and the positions of peak maxima were taken as particle
positions in data analysis. The motions of active particles were tracked
using Trackpy, a particle-tracking toolkit for Python. The local density of
particles was visualized by calculating the sum of inverse distances from
10 closest particles for each pixel location.
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