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Propelling microdroplets generated and sustained
by liquid–liquid phase separation in confined
spaces†

Xuehua Zhang, *ab Jae Bem You, ‡ab Gilmar F. Arends, ‡a Jiasheng Qian,a

Yibo Chen,b Detlef Lohse bc and John M. Shaw*a

Flow transport in confined spaces is ubiquitous in technological processes, ranging from separation and

purification of pharmaceutical ingredients by microporous membranes and drug delivery in biomedical

treatment to chemical and biomass conversion in catalyst-packed reactors and carbon dioxide

sequestration. In this work, we suggest a distinct pathway for enhanced liquid transport in a confined

space via propelling microdroplets. These microdroplets can form spontaneously from localized liquid–

liquid phase separation as a ternary mixture is diluted by a diffusing poor solvent. High speed images

reveal how the microdroplets grow, break up and propel rapidly along the solid surface, with a maximal

velocity up to B160 mm s�1, in response to a sharp concentration gradient resulting from phase separa-

tion. The microdroplet propulsion induces a replenishing flow between the walls of the confined space

towards the location of phase separation, which in turn drives the mixture out of equilibrium and leads

to a repeating cascade of events. Our findings on the complex and rich phenomena of propelling dro-

plets suggest an effective approach to enhanced flow motion of multicomponent liquid mixtures within

confined spaces for time effective separation and smart transport processes.

1 Introduction

Microdroplets out of composition equilibrium can be seen as
active matter, exhibiting autonomous motion without addi-
tional energy input from external sources.1 Examples are
self-running droplets due to a non-uniform distribution of
surfactants,2,3 of chemicals in extraction or reactions4,5 or
temperature6 in the surrounding. The primary force driving
autonomous microdroplet motion is typically a Marangoni
stress arising from imbalanced forces along droplet surfaces.
Marangoni stress arises when there is a gradient of interfacial
tension between two immiscible fluid phases, such as liquid–
gas or oil–water. The interfacial tension gradient may be due to
variations in surfactant concentration, chemical composition,
or temperature along the interface. The mobility of the droplets

is governed by the interplay of droplet size, the viscosities of
liquids inside and outside of droplet, and the interfacial ten-
sion gradient.

These propelling droplets have drawn intensive research
interest, as they show promise as programmable microcarriers
in drug delivery,7 artificial units simulating chemotaxis and
collective behaviours in living microorganisms,5,8,9 fast solvers
of geometric mazes,10,11 microswimmers to extract metal
ions,4,12 condensation on nanostructured surfaces in water
collection or heat exchange, automated bouncing droplets for
stirring of the surrounding liquid,13 fast drop dissolution14 or
for enhanced heat exchange in condensation,15,16 to name a
few. Although moving droplets are generic in many multi-
component systems and multiphase reaction processes of great
significance, quantitative understanding of autonomous
motion of microdroplets in multicomponent systems is still
lacking. The phenomenon can be highly complex, as it involves
multiple length scales, multicomponent and multiphase coex-
isting in the system.

The response of microdroplets to small gradients in interfacial
tension leads to autonomous motion via concentration gradients
of chemical constituents adjacent to the droplet surface. Strategies
have been developed to sustain one component out of equili-
brium so that the droplets can travel in a designated direction
over a large distance for an extended period of time.3,17,18 A typical
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approach is the creation of a non-uniform distribution of mole-
cular components on a droplet surface, for instance, from the
dissolution of a solid surfactant source,3 from local chemical and
catalytic reactions19–21 or solvent vapor emitted by neighbouring
droplets.22,23 Even simple combinations of different types of oil
and aqueous solutions are able to yield diverse behaviors of the
droplets that can only be completely probed through robotic
experimental platforms and machine learning.24 Droplet motion
is further enhanced by coupling it with induced external liquid
flow. As exemplified by a bouncing droplet in a stratified liquid,13

Marangoni stress at the droplet surface pulls down the bulk
liquid, further strengthening the stress. The droplet jumps up
once the stress exceeds gravity. The process repeats itself as gravity
restores the system.13

So far, the creation of propelling motion has mainly focused
on droplets in a continuous liquid medium or on liquid
surfaces with small resistance to droplet movement. However,
in the biological context or for technological processes, micro-
droplets evolve in compartmentalized environments. Examples
include cases as diverse as coacervate droplets of biomolecules
causing liquid–liquid phase separation in organelles within
living cells25 and emulsion droplets in flooding fluid in
enhanced oil recovery.26 In addition to significant extra drag
resistance along the boundary acting on the droplets, the
confined space inherently introduces effects from the size,
composition and motion of droplets on their surroundings.
Effective mass transport in confined space is crucial for energy
efficiency and time effectiveness of a vast range of processes in
separation technology or biological context. To explore the
potential for propelled droplets in confinement, it is essential
to identify an approach to sustain the autonomous motion of
droplets and to understand the coupled interactions between
the droplets and their confined environment.

In this work, we reveal an effective pathway for rapid
propelled transport of microdroplets in quasi-2D confined
spaces. These microdroplets are secondary droplets formed
during the rupture of a spreading drop arising from sponta-
neous liquid–liquid phase separation. The 2D chamber
employed in our experiments allowed us to quantitatively
investigate this important phenomenon in time. The excess
free energy released from phase separation is converted to the
interfacial energy of the microdroplets and their kinetic energy.
The resulting velocity of the propelling microdroplets reaches
B160 mm s�1 at a maximum. The concentration gradients
responsible for the formation and the initial spreading of the
drop are intrinsically self-sustained through droplet dynamics
along the wall surface and the induced liquid transport
between the walls. We show that the phenomenon of propelling
droplets is common for various unstable liquid mixtures, even
with high viscosity. In contrast to droplet splashing by hitting a
solid surface, these droplets propel in confined space with
chemical concentration gradients. Such kinds of systems are
not limited to our model systems. The motivation to under-
stand the formation, dynamics and consequence of propelling
droplets is to lay the foundation for future developments of
effective approaches for enhanced flow transport in such

confined spaces. Though a fully quantitative understanding
of the rich and complex phenomena in the large space of
control parameters still requires future work, the findings from
this work will be valuable to show the potential of the auton-
omous motions of microdroplets for speeding up the transport
in spatially confined devices.

2 Experimental section
2.1 Preparation of chemicals and substrates

Solutions consisting of butyl paraben (499%, Sigma-Aldrich)
and ethanol (histological grade, Fisher Scientific) were pre-
pared at a mass ratio of 8/92, 10/90 or 15/85. Similar solutions
were prepared using oleic acid (90%, Alfa Aesar) or 1-octanol
(499%, Sigma-Aldrich). As they are diluted with water, our
model ternary solutions undergo spontaneous droplet for-
mation via ouzo effect,27–30 or oiling-out effect prior to
crystallization.31 The composition of the ternary solution dur-
ing dilution can be analyzed by assuming a constant ratio of oil
and ethanol in the mixture.32 For experiments with increased
viscosity, glycerol (Fisher Scientific) was added (see ESI† for
table with detailed compositions). The viscosity of glycerol
solutions with 30 wt%, 50 wt%, and 70 wt% are 2.5, 6, and
25.5 cP, respectively.33 The interfacial tension of water-lean and
water-rich subphases after phase separation was measured
using a spinning drop tensiometer (SDT) (Krüss, Germany).
The two subphases were made by adding water to a solution of
oleic acid/water/ethanol (4.2/28.8/67 by vol%) to drive phase
separation.

Hydrophobic silicon (Si) substrates were prepared by coating
with octadecyltrichlorosilane (OTS-Si) according to a previously
reported method.34 Briefly, Si substrates were cleaned with
piranha solution (30% H2O2 + 70% H2SO4), de-ionized water
(Milli-Q) and ethanol, respectively. Subsequently, the cleaned
substrates were dried and incubated in a solution of OTS in
hexane for 12 h. Afterwards, the OTS coated Si wafers were
sonicated three times in OTS-free solvents for 10 min to remove
loosely adsorbed OTS. All chemicals were purchased and used
as received. The combinations of solutions and the wall sur-
faces are listed in Table 1.

2.2 Experimental setup and visualization of propelling
droplets

The flow chamber was assembled by placing the Si substrate
between a polycarbonate base and a cover glass sealed with a
silicone rubber spacer with a thickness of 1 mm. The distance
from the top cover glass to the substrate surface was 20–30 mm
after the chamber was assembled. The chamber was filled with
the ternary solution from an inlet, followed by the injection of
the displacing liquid (water, water/ethanol, or water/glycerol
solutions) from one end of the side channel at a constant flow
of 200 mL min�1 with a syringe pump. The mixing of the ternary
solution and the displacing liquid led to the droplets jetting
phenomenon in the main microchannel. More details on the
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mixing features in such juxtaposed channels can be found in
recent work.35–37

The entire process of phase separation induced droplet
propulsion was visualized using an optical microscope (Nikon
H600L) equipped with a high-speed camera (Photron Fastcam
SA-Z) recording at 1000 frames-per-second (fps). To obtain the
fluorescence data, we added a trace of Nile Red (0.02%) to the
binary solution (butyl paraben/ethanol = 10/90 wt/wt) with
water as displacing liquid. The fluorescence intensity profiles
around the hot spot were analyzed using self-written codes to
convert the brightness in fluorescent images at different time
points into normalized intensity. The composition map and
intensity profiles were obtained along parallel lines at different
locations. Also, the profile on the same location was tracked
over 12 seconds.

A confocal microscope (SP5, Leica) was used to obtain a
3-dimensional image of propelled droplets after being pinned
on the surface. The initial solution with the same concentration
of Nile Red was prepared as the fluorescence experiment. A
green HeNe laser was used to excite the fluorescent Nile Red
dye. The contact angle of the pinned droplet was obtained from
the 3D confocal image.

2.3 Data analysis

Droplets in all frames of a high-speed video were visualized,
and the positions of the droplets at different times were
analyzed during the process from phase separation to droplet
immobilization. Primary droplets spreading into a film and
subsequent elongation into filaments, secondary droplets
breaking off from the filament, and propelling were tracked
manually using ImageJ. The droplets were tracked until they
stagnated or coalesced with neighboring droplets. The data
were processed to obtain displacement values, velocities and
locations within the fluid cell.

2.4 Numerical simulation for diffusion of ethanol from
solution A to solution B

Numerical simulation of the receding oil-rich region was done
via immersed boundary methods.38 Given the narrow thickness
of the channel in the experiment setup, the two-dimensional

diffusion equation

@c

@t
¼ Dr2c

was solved to obtain the temporal and spatial evolution of the
concentration gradient of the solvents. Here D is the diffusion
coefficient taken as 2 � 10�9 m2 s�1. The oil phase with a
concentration of 1 (c = 1) was initially restricted to an equilat-
eral triangle area with a size length = 350 mm. The domain size
was Lx � Ly = 2 mm � 1 mm. A uniform grids Nx � Ny = 401 �
201 is applied, and the time step is dt = 0.01 s. The diffusion
equation is discretized using a central second-order finite
difference scheme. The scheme is second order accurate
O(dx2), where dx is the grid size.

At the wall of x = Lx, y = 0 and y = Ly, the concentration is set
to 0. At the wall x = 0, the concentration obeys von Neumann
boundary conditions,

@c

@y
¼ 0

Note that the velocity field is not modeled, so in this simple
approach -

u(-x,t) � 0, i.e. pure diffusion.

2.5 Prediction of excess Gibbs free energy using UNIFAC

The excess Gibbs free energies for butyl paraben–water–
ethanol ternary mixtures were predicted using the UNIQUAC
functional-group Activity Coefficients (UNIFAC) thermody-
namic model.37,39 For all paraben concentrations, the tie lines
in the ternary diagram were assumed to have the same ethanol
composition in oil-rich and water-rich subphases as reported
elsewhere.40 The mole fraction of the water-rich subphase was
taken to be the point where the dilution line meets the phase
envelope. The mole fraction of the oil-rich subphase was
estimated to be at the point on the opposite end of the tie line
where it meets the phase envelope. The composition of the
unstable mixture, which would exist if no phase separation had
taken place, was calculated by setting the mass of the water-rich
subphase to be 100 times the mass of the oil-rich subphase,
based on the ratio of these two subphases along the tie lines in
the phase diagram. The group volume (Rk), surface area (Qk)

Table 1 Combinations of solutions and wettability of wall surfaces

Solution composition (wt%) Displacing liquid (wt%) Top wall Bottom wall

1 Paraben (8) : ethanol (92) Water (100) Hydrophilic Hydrophobic
2 Paraben (10) : ethanol (90)
3 Paraben (15) : ethanol (85)
4 Paraben (10) : ethanol (90) Water (100) Hydrophilic Hydrophilic
5 Hydrophobic Hydrophobic
6 Paraben (10) : ethanol (90) Ethanol (15) : water (85) Hydrophilic Hydrophobic
7 Ethanol (20) : water (80)
8 Paraben (10) : ethanol (90) Glycerol (30) : water (70) Hydrophilic Hydrophobic
9 Glycerol (50) : water (50)
10 Glycerol (70) : water (30)
11 Paraben (10) : ethanol (63) : glycerol (27) Glycerol (30) : water (70) Hydrophilic Hydrophobic
12 Paraben (10) : ethanol (45) : glycerol (45) Glycerol (50) : water (50)
13 Paraben (10) : ethanol (27) : glycerol (63) Glycerol (70): Water (30)
14 Oleic acid (4.2) : ethanol (67) : water (28.8) Water (100) Hydrophilic Hydrophobic
15 Octanol (8) : ethanol (47) : water (45)
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and interaction parameters (amn) used for UNIFAC are shown in
Tables S1 and S2 (ESI†), and temperature was taken as T =
298.15 K.

3 Results and discussion

The first ternary solution we tested consisted of butyl paraben
(a hydrophobic compound), a cosolvent ethanol, and a poor
solvent water (cases 1–3 in Table 1). Initially, the ternary
solution filled both the microchamber (20 mm in depth) and
the side channel (1000 mm in depth), as sketched in Fig. 1. The
top wall of the microchamber was a hydrophilic glass slide, and
the bottom wall, a smooth silicon substrate coated with a
hydrophobic layer. Water was injected into the deep side
channel to displace the ternary solution in the y-direction,
and some of it diffused transversely into the microchamber
in the x-direction.

In the solubility phase diagram shown in Fig. 1a, the solid
blue curve shows the saturation line where a single-phase
ternary liquid solution separates into two subphases. In a
representative case, the red dot indicates the initial composi-
tion of solution A. The solid red line represents the composi-
tion of the mixture from dilution as water mixes with solution
A. The black dashed line is the expected tie line that describes
the relative amount and equilibrium compositions of the two
subphases indicated by the two black dots. The red dashed line
shows the subsequent dilution path of the water-rich subphase
after phase separation. The dotted blue lines indicate other
phase zones that are not involved in our experiments.

A sequence of fluorescence images revealed a smooth
boundary formed between the solution (doped with a dye)
and water over time. However, there were several triangular
zones of solution protruding out from the smooth boundary
into the water on the surface of the hydrophobic wall. At the hot
spots of the triangle tips, microdroplet trails of several milli-
meters were left behind on the surface. From confocal micro-
scopic imaging, the base radius of the microdroplets was found
to range from B2 mm to 25 mm, the contact angle was around
151–201, and the maximal height was 0.5 mm to 7 mm above the
surface.

Below we show that interestingly these trails consist of
pinned microdroplets at the end of their propulsion. The
motion of these propelling microdroplets is a key step in a
cascade of dynamic events originating from liquid–liquid phase
separation in 2D confinement, as sketched in Fig. 1e.

3.1 Local concentration gradient and formation of propelling
microdroplets

The spatial distribution of chemical composition was revealed
by the fluorescence intensity of an oil-soluble dye (Nile red)
doped in the ternary solution. The concentration ratio of
ethanol to dye in the solution prior to phase separation was
assumed to be constant as mixing with water dilutes them
equally. Therefore, the fluorescence intensity indicates the
concentration of both the dye and ethanol in the mixture.

Fig. 2(a and b) shows that at a given time, the ethanol
concentration gradient across the mixing boundary becomes
sharper near the tip of the triangular zone. The gradient is the
sharpest at the hot spot and diminishes far away from the
hot spot.

To mimic this key feature of the process, we simulated the
diffusive mixing between the ternary solution and water in a
triangular zone by solving the 2D diffusion equation, employ-
ing a finite difference code and the immersed boundary
method.38 For details, we refer the reader to the method
section. Fig. 2c shows the concentration field at t = 4 s after
ethanol starts diffusing uniformly from the triangular zone into
water. The concentration distribution of ethanol is consistent
with the experimental measurements: a sharper concentration
gradient at the tip of the triangle, i.e. the hot spot.

Diffusive mixing with water reduces both the concentration
and the solubility of paraben in the ternary solution. While
supersaturation of paraben can be realized and sustained
under a limited set of conditions, more typically, as composi-
tion reaches saturation at the hot spot, the mixture undergoes
spontaneous liquid–liquid phase separation.27 A large fraction
of the mixture (B99%) forms a water-rich subphase, while a
small fraction forms droplets of a water-lean subphase (Fig. 1a).

As the highest concentration gradient is located at the
triangle tip, this is where microdroplets nucleate exclusively.
The concentration gradients along the smooth receding bound-
ary are not sharp enough for the phase separation to initiate.
The exact location and number of the triangular zones and the
hot spots are possibly determined by the initial conditions of
mixing, such as the influence of imperfection on the edge of the
side channel on the formation of very early droplets.41 Once
formed, the triangular zone sustains along the receding bound-
ary. The droplets appear brightest in the fluorescence images
because of enrichment of the hydrophobic dye in the water-lean
droplets through nanoextraction.41,42

As noted above, the concentration profile in the simulations
represents the effect from pure diffusion processes adjacent to
the triangular zone. Differences between the experimental
measurements and simulation results partly reflect effects
beyond pure diffusion, for instance, convective effect. The first
difference is that the increase in the concentration gradient
close to the hot spot is more pronounced in the experiments
than in the simulations. The second difference lies in the trend
in the temporal evolution of local concentration gradients. In
Fig. 2e–h, the concentration at the same location is plotted at
time t0 to t0 + 26 s for the experiment and the same time
window for simulation. With time the simulated ethanol
concentration gradient decayed by diffusion at a fixed location.
In contrast, the ethanol concentration gradient estimated from
the composition map in the experiments was unchanged over a
long period of time. Within the same distance from a hot spot,
the concentration gradient of ethanol remained the same as the
boundary recedes. The presence of such a local sharp and
persistent gradient of ethanol clearly requires a pathway to
supply water and to keep the mixture out of equilibrium at the
hot spots. Below we show that this pathway is possibly through
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propelling microdroplets and the induced bulk flow. Without
the induced flow to supply fresh solvent to the hot spots, the
concentration gradient therein decays, as shown by simulation
results in Fig. 2g, and the phase separation ceases with time.

The ethanol concentration gradient in the y-direction is sym-
metric from the hot spot in both experimental and simulation
results (Fig. S1, ESI†), which has important implications for the
dynamics of droplet movement.

Fig. 1 Experimental configuration for propelling droplets and enhanced transport in a 2D chamber. (a) Ternary phase diagram for butyl paraben/ethanol/
water system. Reproduced from ref. 40 (copyright 2015 Elsevier). (b) Sketch of the 2D chamber with top view and cross-section of the main and side
channels. The surface of the bottom plate was hydrophobic, while the top surface was hydrophilic. Solution A is initially encased in the microchamber
with the composition as indicated in the solubility diagram. Water flows to the side of the encased solution and diffuses into it. The boundary between
water and the oil solution moves from the side channel into the 2D main channel. The composition of the mixture is indicated by the dilution line (red
dotted line in the phase diagram). An oil-rich subphase (red circle) and a water-rich subphase (blue star) form from liquid–liquid separation in response to
the oversaturation of paraben. There is no gas–liquid interface or evaporation in the entire process. (c) Confocal image showing the oil-rich subphase
droplets formed on the hydrophobic wall of the microchamber. (d) Time-lapse fluorescence images show that the oil-rich subphase droplets are
propelled along the bulk water flow while the mixing front moves toward the main channel. (e) Artistic sketch of the dynamical events occurring at a hot
spot triggered by spontaneous phase separation.
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3.2 Dynamics of propelling microdroplets

Our high-speed images (Fig. 3 and Movie S1, ESI†) capture the
rich and complex dynamics of droplets. At the start time (t0), a
thin line comprising several droplets forms at the tip of the trail
that subsequently merges to form a larger drop with a diameter of
10 mm at t0 + 90 ms. This drop becomes unstable at t0 + 210 ms,

rapidly spreading symmetrically from the hot spot under stress
from symmetrical distribution of local chemical compositions.
Over a span of 480 ms, the average speed of the spreading front
from six repeating events is similar in both +y and �y directions,
with (90 � 23) mm s�1 and (72 � 21) mm s�1, respectively. The
distance of the film front from the hot spot increases almost

Fig. 2 (a) Intensity field of a receding mixing front at a fixed time obtained from fluorescence imaging. (b) Plot showing the intensity of fluorescence
along lines 1 to 5 on the concentration field. The intensity along each line decays according to the error function, I(x) B I0e�(x/a)2, where I0 is taken as 1,
and a is a constant. The fitted curves are shown as black dotted curves on the plot. The slope of the intensity gradient becomes steeper as the location of
the line in (a) approaches the tip (lines 5 to 1). This suggests that the concentration gradient is the sharpest at the hot spot where phase separation occurs.
(c) Similar results are observed from a concentration field of ethanol at time t0 = 4 s obtained by numerical simulation. Here, the domain size is Lx � Ly =
450 mm � 450 mm. (d) Concentration profiles along the lines 1 to 4 obtained from the concentration field. In agreement with experimental results, the
slope for the concentration profile becomes steeper as the location of the line approaches the tip. (e) Time-lapse fluorescence images of intensity field
over 26 s and (f) intensity profile along the white dotted lines on the images. The intensity gradient at a fixed location in the mixing front remains
unchanged thanks to the replenishment of fresh water by the recirculating flow. (g) Concentration field and (h) profiles on line 3 at various times obtained
from numerical simulation. Unlike the experimental results, the stimulated concentration gradient smooths out over time.
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linearly with time (Bt0.92) as shown in the logarithmic plot in
Fig. 3b.

The spreading film evolves into thin liquid filaments that then
rupture at t0 + 710 ms, breaking up into shorter fragments and
microdroplets with a diameter of (5� 1) mm. Microdroplets pinch off
and jet out from the filaments, travelling at an initial velocity of (73�
46) mm s�1, a similar velocity to that of the front of the stretching film.

The film spreading and breakup of offspring microdroplets
proceeds symmetrically in the y-direction, signifying symmetry

in the stress acting on the water-lean subphase. These propel-
ling droplets continue to travel along the y-direction shown in
Fig. 3d. propelling droplets reach a maximum velocity of
roughly 110 to 160 mm s�1 (from 10 representative droplets)
in the first tens of milliseconds.

Propelling droplets slow down and evolve gradually to a
crawling motion (Fig. 3g) due to resistance from both the
surrounding liquid and the solid wall surface. The displace-
ment of the microdroplets from the breakup point increases

Fig. 3 Microscopic dynamics of the process. (a) Time-lapse high-speed images showing water-lean subphase film spreading in �y-direction as a result of
spontaneous phase separation at the hot spot. (b) Plot showing displacement vs. time for films spreading during 6 consecutive events. Filled and hollow dots
represent the top and bottom half portions of the film with respect to the center indicated by the red dotted line in (a). The dynamics of the film spreading is
consistent with early dynamics of a drop spreading on a surface, i.e. x B tn, with n B 1. Time-lapse high-speed images showing (c) the splitting of a film into
several branches after sufficient spreading and (d) droplets being pinched off from a branch. (e) Plot showing displacement vs. time for 10 individual droplets
pinched off from branches. The dynamics of droplets is similar to that of a spreading film, but with lower exponent, i.e. x B tn where n B 0.82. (f) Time-
averaged velocities of droplets pinched off the branches. (g) Time-lapse images of droplets coalescing with each other after traveling a certain distance. Thanks
to the drag from the surface, they eventually come to a stop. (h) Instantaneous point-to-point velocities of propelled droplets tracked over 1 s. The red curve
shows the mean data obtained from 10 propelled droplets, and the gray-colored area shows the maximum and minimum velocities at each instant in time.
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with time (Bt0.82). The crawling droplets are repeatedly
stretched away from the hot spot and relaxed to become
spherical cap (Movie S2, ESI†), every 50 ms switching between
pinning and depinning modes while moving away with an
instant velocity fluctuating around 60 mm s�1. This crawling
motion of the droplets resembles a self-running droplet on a
surface with a wettability gradient43 or that of a light-driven
droplet on a photoresponsive surface,44 both driven by an
interfacial tension gradient. The crawling droplets coalesced
with other slower or already-immobilized droplets and formed
a larger droplet. More microdroplets coalesced on the way as
the drop travels further until the droplets eventually reached
the outer rim of the droplet trail and became immobilized.
Some droplets barely moved after nucleation, forming the
central line of the trail.

The above results show that on the two rims, microdroplets
come to the end of the motion of propulsion. The width of the
droplet trail is determined by the longest distance travelled by
the microdroplets from the hot spot. As the ternary solution
gradually displaced by water, the mixing zone recedes into the
main channel. These phenomena can last for B0.5 cm (i.e.
approximate half of channel width), and longer than 30 min
after the ternary solution is almost completely displaced. Next,
we analyze the local chemical composition in space and time to

reveal why the phase separation only occurs at the hot spot and
why the droplets move away from the hot spot.

3.3 Induced directional flow in the bulk between the walls

In the direction opposite to that of the propelling droplets, we
observed a slower flow in the bulk between the walls that is
induced by propelling droplets due to mass conservation in the
confined space, see Fig. 4. Across an area of a semi-circular
sector towards the hot spot, this bulk flow is manifested by the
trajectory of very small oil droplets with a radius of B1 mm
dispersed in the solution that acts as tracers. By tracking these
droplet tracers suspended in the flow, the average velocity of
the flow was determined to be 34 mm s�1 at the distance of
B150 mm from the hot spot. Closer to the hot spot, the flow was
faster, reaching an average speed of (46 � 15) mm s�1. After
reaching the hot spot, the flow converged to a single stream,
heading toward the side channel along the droplet trail. This
bulk flow brings fresh water to the hot spot continuously,
maintaining the sharp concentration gradient at the hot spot.

The pinned microdroplets on the wall surface altered the
local velocity profile of the replenishing flow. When the droplet
tracers in the flow approached a pinned microdroplet,
they were trapped by a local flow near the microdroplet
surface. The revolving motion of the tracers is attributed to

Fig. 4 (a) High-speed time-lapse images demonstrating the presence of replenishing flows visualized by tiny oil droplets traveling towards the hot spot.
(b) Plot showing the displacement vs. time of returning oil droplets and the receding mixing front. The timescales of the two are vastly different. The
replenishing flow travels at B34 mm s�1, whereas the receding mixing front only travels at B6.4 mm s�1. (c) The motion of tiny oil droplets in the
replenishing flow is influenced by the Marangoni flow around large pinned droplets occurring due to the ethanol concentration gradient. As a result, once
tiny oil droplets are close enough to the large droplets, the competition between replenishing flow and Marangoni flow drives the tiny oil droplets in a
circulatory motion around the large droplets as captured by high-speed time-lapse images. (d) Schematics showing the presence of bulk flow and
Marangoni flow around a large pinned droplet.
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the concentration gradient of solvent constituent around the
droplets. In the proximity to the pinned droplet, the Marangoni
stress is strong enough to overcome the directional flow in the
bulk and to spin the tracers. Although the ethanol concen-
tration was too low to be reflected in the fluorescence intensity,
the variation of ethanol concentration in space was sufficient to
induce a gradient in the interfacial tension of the droplet
surface and a local Marangoni flow adjacent to the droplet.

3.4 Generality of propelling microdroplets

We now further explored the generality of the propelling
droplets with a parametric investigation. The parameters
included the chemical composition, the type and viscosity of
the ternary mixtures, and the wettability of the wall surfaces, as
summarized in Table 1. The directional flow and propelling
droplets occur in a certain range of chemical composition,
viscosities and oil types on a hydrophobic wall surface. The
velocity of propelling droplets was related to the initial
chemical composition of the ternary solution (Fig. 5). At a given
concentration of paraben, adding 10–20% ethanol in water as
the displacing liquid does not change the speed of the propel-
ling droplets but reduces the number of locations of phase
separation. In the range of 8–15%, the droplets travel a shorter

distance but move faster at a low paraben concentration. The
results show that tuning the chemical composition is another
way to vary the velocity of propelling droplets.

The same dynamics are observed in the solutions with
higher viscosity (2.5 cP to 25.5 cP) and in various ternary
mixtures (such as 1-octanol or oleic acid in isopropanol and
water). How far a droplet travels before coalescence or how fast
a droplet moves was found to vary in each case. However, linear
droplet displacement l with time (l B t) was observed for all
cases. The results suggest the mechanism for propelling micro-
droplets is general for liquid–liquid phase separation of ternary
systems.

The wettability of the wall surface plays an important role in
propelling microdroplets. In Fig. 5, the initial ternary mixture is
the typic combination: paraben solution listed in Table 1. In a
microchamber with both walls being hydrophobic, the velocity
of propelling droplets can reach (111 � 6) mm s�1 on average,
almost twice the speed of droplets where only the bottom
surface is hydrophobic. The droplet trail is absent as all
droplets move away from the hot spot. For a microchamber
with both walls hydrophilic, all droplets are pinned on surfaces,
and there is no enhanced fluid motion. The possible reason
is that on the hydrophilic surfaces, the receding angle of

Fig. 5 (a) The propulsion of droplets driven by phase separation occurs regardless of initial paraben concentration, as shown by the time-lapse high-
speed images. (b) Plot showing the displacement vs. time of 10 individual droplets for initial paraben concentrations of 8%, 10% and 15%. All data follow a
similar trend as that of a spreading film, i.e. x B tn where n B 1. (c) The dynamics shown in this work also holds for various oil types, compositions of
solution B, and viscosities of both solutions A and B. Again, the data follow a similar trend. (d) Surface wettability is critical for the phenomena shown in
this work. Optical images of droplet formation in a chamber with both top and bottom surfaces hydrophilic (left) and hydrophobic (right).
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water-rich solution as the surrounding medium is low on the
surface. Therefore it costs more energy for the microdroplets to
displace water and to propel along a more hydrophilic surface.

In total, in Fig. 5 we have presented three solute concentra-
tions, two additional solutes (octanol and oleic acid), each with
2 concentration levels, six different viscosities and two combi-
nations of surface wettability. With the vast amount of experi-
mental data, our results can narrow down the range of the
relevant parameters, laying the foundation to establish quanti-
tative correlations with each parameter in further studies.

3.5 Mechanisms for propelling droplets and directional flow

In the proposed mechanism illustrated in Fig. 1e, liquid–liquid
phase separation are induced bulk flow are linked in a self-
sustained cycle. The sharp concentration gradient leads to local
liquid–liquid phase separation at the hot spot where the
concentration of ethanol fades away while water concentration
increases. The interfacial tension is negligible between the
water-rich subphase and water-lean droplets but is substantial
between water and droplets. For instance, the interfacial ten-
sion is only B0.2 mN m�1 between two equilibrium subphases
formed from phase separation in the mixture of water, ethanol
and oleic acid. In contrast, the interfacial tension reaches
B11 mN m�1 for an oleic acid droplet and water.45 A positive
interfacial tension gradient away from the hot spot exerts a
Marangoni stress on the free surface of the droplet, leading to
symmetrical spreading along the y-direction. Under stress, the
spreading film eventually becomes unstable, breaking up into
smaller droplets.

The driving force for droplet spreading in our experiments is
similar to film spreading enhanced by a concentration gradient
of a surfactant or an organic solvent in the formation of
Marangoni flowers,46 or spreading on a liquid surface driven
by solvent evaporation.47,48 In all cases, a small volume of
liquid is exposed to a concentration gradient of the external
constituents.

For a given droplet volume, the distance of the film front (l)
under stress is linear in time, i.e. l B t, completely different
from drop spreading governed by capillary force according to
Tanner’s law (l B t0.1). This linear relationship holds for the
temporal evolution of the spreading front and initial movement
of the propelling droplets after break-off from the film in Fig. 3
and 5. The linear increase with time is also reported in spread-
ing of aqueous surfactant drop on surfaces, enhanced by the
Marangoni stress from the concentration gradient of a
surfactant.49 The balance between the Marangoni stress and
viscous stress on the droplets leads to the linear dependence l
B t, as reported previously.49

Further away from the hot spot, the gradient in ethanol
concentration smoothens out, thus less stress propels the
droplets. At the rim of the droplet trail, the stress from Dg is
balanced by the viscous drag force from the surrounding fluid
(now mostly water) and the friction from the wall surface.
Finally, due to the viscous drag and frictional forces, the
propelling droplet becomes pinned on the surface. The effect
from the wall wettability on propelling droplets is evident as no

propulsion takes place on a hydrophilic surface where the
droplet cannot overcome the large static friction force and
displace the external water-rich liquid on the surface.50

The induced flow enhances the sharp concentration gradi-
ent at the hot spot for further phase separation. At the same
time, the mass loss at the hot spot of the propelling droplets
and the outflux along the droplet trail is compensated by the
influx of the directional flow to the hot spot. In this way, a self-
sustained cycle completes and repeats itself from liquid–liquid
phase separation at the hot spot. We note that propelling
droplets do not have to be uniform in size or move in one
direction synchronically to induce fast replenishing flow. The
direction of the propelling droplets is determined by the
chemical concentration gradient. In our configuration, the
gradient is always pointing away from the hot spot, as sketched
in Fig. 1e.

To summarize, we note that the cycle consists of several
interconnected steps on different time and length scales. The
diffusive boundary moves away from the side channel for
several 102 s in time and over centimeters in length scale.
The formation and propulsion of droplets occur in 10�3 s over
micrometers in distance. The induced flow travels over centi-
meters to reach the hot spot, several orders of magnitude faster
than the receding boundary. This replenishing flow is 2–3 times
faster than the diffusiophoretic transport induced by chemical
gradient or catalytic reactions reported in the literature.18,51

Such enhanced transport may have important implications for
mass transfer involving liquid–liquid phase separation in con-
fined spaces.

We now focus on the source of energy input to the cycle.
Spontaneous phase separation of the unstable mixture releases
excessive Gibbs free energy. We estimated the excess Gibbs free
energies of the ternary system in the states before and after
phase separation using the UNIFAC model. The model enables
the prediction of activity coefficients based on the interaction of
functional groups found in each component in a mixture.39

Using UNIFAC, the DGE at initial oil concentration is estimated
to be 1.89 J mol�1 at 8% paraben, and decreases to 1.66 J mol�1

at 10%, and further to 1.19 J mol�1 at 15% (Table S4, ESI†).
A substantial portion of the excess free energy from the

phase separation is converted to interfacial energies in forming
three interfaces: (1) the solid–liquid interface between water-
rich subphase and substrate, (2) the solid–liquid interface
between water-lean subphase and substrate, and (3) the
liquid–liquid interface between the two subphases. The inter-
facial energies gained by the system from forming the three
interfaces can be estimated by the difference between the
interfacial energies between the unstable mixture and the
substrate before and after phase separation, and the interfacial
energies between the droplet and the surrounding liquid (ESI†).
The total energy gain from the interfaces is approximately
0.5 J mol�1, on the same order of magnitude as excessive free
energy from phase separation estimated from UNIFAC.

We take different oil concentrations as an example to
estimate whether the energy supplied from phase separation
is sufficient to drive propelling droplets. The kinetic energy of
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droplets was calculated by Ek �
1

2
mv2 where m is the mass and v

is the velocity. The mass of each droplet was obtained using a
density estimated based on the water-lean subphase composi-
tion and the droplet volume. The kinetic energy of autonomous
droplets listed in Table S4, ESI† and is on the same order of
magnitude as that for droplets driven by other means such as
surface chemical gradient51 or catalytic motor.18 The kinetic
energy of propelling droplets accounts for only B1 millionth of
the total amount of the free energy released from phase
separation at given chemical composition. Such low efficiency
in the energy conversion to kinetic energy is an expected result,
considering the large proportion of energy converted to inter-
facial energy. Viscous dissipation dominates the motion of
propelling droplets at such low Reynolds numbers in the
confined space.

4 Conclusions

We show that microdroplets from liquid–liquid phase separa-
tion self propel and induce a fast flow in a quasi-2D micro-
chamber. The microdroplets form spontaneously from
diffusive mixing of a ternary mixture and a poor solvent, spread
rapidly, and travel across the wall surface. The propulsion of
the droplets induces a replenishing flow to the location of
phase separation, which sustains the chemical concentration
gradients in further phase separation. Our thermodynamic
estimation shows that excessive free energy from the phase
separation is more than sufficient to account for the kinetic
energy of the propelling droplets, suggesting that viscous
dissipation dominates in terminating droplet motion. Our
findings highlight the possibility of fast and smart fluid trans-
port by controlling phase separation behaviors in confined
spaces. The phenomena studied in this work are not limited
to the model systems of ternary liquid mixtures, but are
expected to occur in the presence of a large chemical concen-
tration gradient, taking place in liquid mixtures of different
concentrations, solution viscosities and solvent combination.
Chemical concentration gradients are ubiquitous in a wide
range of practical processes, ranging from extraction of liquids
from porous media, separation by membrane technology,
phase transfer catalysis, to biphasic chemical reactions. The
findings reported in this paper are a step towards a better
understanding of such systems.
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D. Horinek, S. F. Prevost, D. Touraud, O. Diat, S. Maroelja
and W. Kunz, How to explain microemulsions formed by
solvent mixtures without conventional surfactants, Proc.
Natl. Acad. Sci. U. S. A., 2016, 113, 4260–4265.

30 T. Lopian, S. Schöttl, S. Prevost, S. Pellet-Rostaing,
D. Horinek, W. Kunz and T. Zemb, Morphologies observed
in ultraflexible microemulsions with and without the
presence of a strong acid, ACS Cent. Sci., 2016, 2, 467–475.

31 X. Zhang, Z. Wei, H. Choi, H. Hao and H. Yang, Oiling-out
crystallization of beta-alanine on solid surfaces controlled
by solvent exchange, Adv. Mater. Interfaces, 2021,
8(2), 2001200, DOI: 10.1002/admi.202001200, URL https://
onlinelibrary.wiley.com/doi/abs/10.1002/admi.202001200.

32 J. Meng, J. B. You, G. F. Arends, H. Hao, X. Tan and
X. Zhang, Microfluidic device coupled with total internal
reflection microscopy for in situ observation of precipita-
tion, Eur. Phys. J. E: Soft Matter Biol. Phys., 2021, 44(4), 57,
DOI: 10.1140/epje/s10189-021-00066-1.

33 J. B. Segur and H. E. Oberstar, Viscosity of glycerol and its
aqueous solution, Ind. Eng. Chem., 1951, 43(9), 2117–2120,
DOI: 10.1021/ie50501a040.

34 X. H. Zhang and W. Ducker, Interfacial oil droplets, Lang-
muir, 2008, 24(1), 110–115, DOI: 10.1021/la701921z.

35 J. Meng, J. B. You, H. Hao, X. Tan and X. Zhang, Primary
submicron particles from early stage asphaltene precipita-
tion revealed in situ by total internal reflection fluorescence
microscopy in a model oil system, Fuel, 2021, 296, 120584,
DOI: 10.1016/j.fuel.2021.120584, URL https://www.science
direct.com/science/article/pii/S0016236121004609.

36 J. Meng, J. B. You, G. F. Arends, H. Hao, X. Tan and
X. Zhang, Microfluidic device coupled with total internal
reflection microscopy for in situ observation of precipita-
tion, Eur. Phys. J. E: Soft Matter Biol. Phys., 2021, 44(4), 57,
DOI: 10.1140/epje/s10189-021-00066-1.

37 G. F. Arends, J. B. You, J. M. Shaw and X. Zhang, Enhanced
displacement of phase separating liquid mixtures in 2D
confined spaces, Energy Fuels, 2021, 35(6), 5194–5205, DOI:
10.1021/acs.energyfuels.1c00139.

38 R. Mittal and G. Iaccarino, Immersed boundary methods,
Annu. Rev. Fluid Mech., 2005, 37(1), 239–261, DOI: 10.1146/
annurev.fluid.37.061903.175743.

39 A. Fredenslund, R. L. Jones and J. M. Prausnitz, Group-
contribution estimation of activity coefficients in nonideal
liquid mixtures, AIChE J., 1975, 21(6), 1086–1099, DOI:
10.1002/aic.690210607.

40 H. Yang and R. C. Rasmuson, Phase equilibrium and
mechanisms of crystallization in liquid–liquid phase separ-
ating system, Fluid Phase Equilib., 2015, 385, 120–128, DOI:
10.1016/j.fluid.2014.11.007.

Paper Soft Matter

Pu
bl

is
he

d 
on

 2
2 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

T
w

en
te

 o
n 

6/
28

/2
02

1 
10

:5
7:

48
 A

M
. 

View Article Online

https://www.pnas.org/content/110/20/7992
https://www.pnas.org/content/110/20/7992
http://URL https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.202001200
http://URL https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.202001200
http://URL https://www.sciencedirect.com/science/article/pii/S0016236121004609
http://URL https://www.sciencedirect.com/science/article/pii/S0016236121004609
https://doi.org/10.1039/d1sm00231g


5374 |  Soft Matter, 2021, 17, 5362–5374 This journal is © The Royal Society of Chemistry 2021

41 Z. Lu, M. H. K. Schaarsberg, X. Zhu, L. Y. Yeo, D. Lohse and
X. Zhang, Universal nanodroplet branches from confining
the Ouzo effect, Proc. Natl. Acad. Sci. U. S. A., 2017, 114(39),
10332–10337, DOI: 10.1073/pnas.1704727114.

42 M. Li, B. Dyett, H. Yu, V. Bansal and X. Zhang, Functional
femtoliter droplets for ultrafast nanoextraction and super-
sensitive online microanalysis, Small, 2019, 15(1), 1804683,
DOI: 10.1002/smll.201804683.

43 S. Varagnolo, D. Ferraro, P. Fantinel, M. Pierno, G. Mistura,
G. Amati, L. Biferale and M. Sbragaglia, Stick-slip sliding of
water drops on chemically heterogeneous surfaces, Phys. Rev.
Lett., 2013, 111, 066101, DOI: 10.1103/PhysRevLett.111.066101.

44 N. Kavokine, M. Anyfantakis, M. Morel, S. Rudiuk, T. Bickel
and D. Baigl, Light-driven transport of a liquid marble with
and against surface flows, Angew. Chem., Int. Ed., 2016, 55,
11183–11187, DOI: 10.1002/anie.201603639.

45 T. Kallio, J. Laine and P. Stenius, Intermolecular interac-
tions and the adhesion of oleic acid, J. Disper. Sci. Technol.,
2009, 30, 222–230, DOI: 10.1080/01932690802500719.

46 F. Wodlei, J. Sebilleau, J. Magnaudet and V. Pimienta,
Marangoni-driven flower-like patterning of an evaporating
drop spreading on a liquid substrate, Nat. Commun., 2018,
9(1), 820, DOI: 10.1038/s41467-018-03201-3.

47 G. Durey, H. Kwon, Q. Magdelaine, M. Casiulis, J.
Mazet, L. Keiser, H. Bense, P. Colinet, J. Bico and
E. Reyssat, Marangoni bursting: Evaporation-induced emul-
sification of a two-component droplet, Phys. Rev.
Fluids, 2018, 3(10), 100501, DOI: 10.1103/PhysRevFluids.3.
100501.

48 H. Kim, K. Muller, O. Shardt, S. Afkhami and H. A. Stone,
Solutal Marangoni flows of miscible liquids drive transport
without surface contamination, Nat. Phys., 2017,
13(11), 1105, DOI: 10.1038/nphys4214.

49 S. Rafaı̈, D. Sarker, V. Bergeron, J. Meunier and D.
Bonn, Superspreading: Aqueous surfactant drops spreading
on hydrophobic surfaces, Langmuir, 2002, 18(26),
10486–10488, DOI: 10.1021/la020271i.

50 N. Gao, F. Geyer, D. W. Pilat, S. Wooh, D. Vollmer, H. Butt
and R. Berger, How drops start sliding over solid surfaces,
Nat. Phys., 2018, 14(2), 191–196, DOI: 10.1038/nphys4305.

51 S. C. Hernández, C. J. C. Bennett, C. E. Junkermeier, S. Tsoi,
F. J. Bezares, R. Stine, J. T. Robinson, E. H. Lock, D. R. Boris,
B. D. Pate, J. D. Caldwell, T. L. Reinecke, P. E. Sheehan and
S. G. Walton, Chemical gradients on graphene to drive
droplet motion, ACS Nano, 2013, 7(6), 4746–4755, DOI:
10.1021/nn304267b.

Soft Matter Paper

Pu
bl

is
he

d 
on

 2
2 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

T
w

en
te

 o
n 

6/
28

/2
02

1 
10

:5
7:

48
 A

M
. 

View Article Online

https://doi.org/10.1039/d1sm00231g



