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Kinetics of Active Water/Ethanol Janus Droplets

Menglin Li,a Mahmoud Hosseinzadeh,a Ignacio Pagonabarraga,b Ralf Seemann,a Martin
Brinkmann,a,c and Jean-Baptiste Fleury,∗a

Droplets made of a water/ethanol mixture spontaneously self-propel in an oil/surfactant solution
and, depending on the initial ethanol concentration at the time of production, may evolve in up to
three stages. Upon self-propulsion the droplets absorb surfactant molecules during their continuous
motion in the oily phase. In combination with the continuous loss of ethanol this mass exchange with
the ambient phase may lead to a spontaneous phase separation of the water/ethanol mixture, and
eventually to the formation of characteristic Janus droplets. Supported by experimental evidence,
we propose a simple model that is able to explain the propulsion velocity and its scaling with the
droplet radius in the last stage of the droplet evolution.

1 Introduction
Self-propulsion is the ability of objects to continuously move
through an ambient liquid in the absence of external forces acting
on them1–3. In recent years, a growing number of studies have
been dedicated to the production of self–propelled liquid droplets.
These works were motivated not only by potential applications in
biochemical engineering but also by the need for a larger class of
model systems to study the collective dynamics of active objects.
A number of physical mechanisms linked to chemical reactions,
torques on magnetic beads, or gradients of laser light intensity
can be exploited to create directed flows around liquid droplets
that lead to self–propulsion1,4–11.

The by far most prominent propulsion mechanism of droplets
are Marangoni flows which are driven by surface tension gra-
dients on the liquid-fluid interfaces. These gradients can be
sustained by chemical reactions12, solubilization13–15, liquid–
liquid phase separations16,17, or by a diffusion-advection con-
trolled reaction of surfactant mixtures at the droplet interface1.
Not only the realization of active droplets has been proven diffi-
cult18–22 but also the formulation of a consistent physical model
that explains self-propulsion by Marangoni flows is a demanding
task15,19.

Self-propelling droplets of initially pure water/ethanol droplets
in an oily solution of monoolein were recently proposed as pro-
grammable smart carriers for biological material15. Here we
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present the results of a systematic experimental study of the
droplet system reported in15 with the aim to quantify the evo-
lution and to find evidence for potential driving mechanisms that
control the velocity of their motion. Based on the experimental
data we propose a simple model for self-propulsion that explains
relevant features related to the evolution of the propulsion veloc-
ity.

It has been conjectured in Ref.15 that the self-propulsion is the
consequence of a continuous release of ethanol from the droplet
into the oil phase and a simultaneous uptake of monoolein. This
hypothesis is supported by the observation that the droplets spon-
taneously separate into a water-rich droplet and a droplet of an
monoolein-rich ethanol phase a certain time after production.
The formation of these Janus droplet varies between seconds to
several minutes or may be even absent at high ethanol concentra-
tions15.

To explain the kinetics and morphological evolution of the
droplets we propose a simple model explaining the motion from
the chemical disequilibrium of monoolein which acts as a ‘fuel’.
While the exchange of substances of the droplet phase with the
surrounding phase cannot be quantified in our experiments, we
are able to model the associated propulsion mechanism and pre-
dict the duration and velocity in certain phases of the evolution
and, hence, to program micro-droplets to perform certain tasks as
demonstrated in Ref.15.

2 Material
Observation chambers were fabricated from glass slides cut into
squares of about (2.5× 2.5) cm2. These glass squares were pre-
cleaned by sonication in ethanol, acetone and toluene for 10 min
each, and blow-dried with nitrogen gas after each cleaning step.
After pre-cleaning, the squares were immersed for 30 min in Pi-
ranha etch (50 vol.% sulfuric acid (98 vol.%) and 50 vol.% hy-
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drogen peroxide (30 vol.%), and thoroughly rinsed with hot (80–
90)◦C ultra pure water. Subsequently, the glass squares were im-
mersed in hot water for another 15 min and then again blow-
dried with nitrogen. Following this cleaning proceedure, the glass
squares were coated with octadecyl-trichlorosilane (OTS). To this
end, the glass squares were immersed for 12 min in a solution
consisting of 50 ml bicyclohexane, 20–40 drops of carbon tetra-
chloride, and 5–20 drops of OTS23,24. Residual OTS solution was
removed from the OTS-coated glass by rinsing it with chloroform
followed by blow-drying with nitrogen. Observation chambers
were finally made out of two OTS coated glass squares with a
cover slide (thickness 150 µm) in between. The OTS coated glass
squares and the spacers were glued together with epoxy glue. Af-
ter cross linking of the epoxy glue the cover slide was removed
providing the space for the observation chamber.

All chemicals were purchased from Sigma-Aldrich, ex-
cept the fluorescent lipid (1,2-dipalmitoyl-sn-glycero-3-phospho-
ethanolamine- N-7-nitro-2-1,3-benzooxadiazol-4-yl; CAS Num-
ber: 810144P), which was purchased from Avanti Polar Lipids.

At the beginning of each experiment droplets of a homoge-
neous water/ethanol mixture are ejected into squalane from the
tip of a micro-pipette. If not mentioned otherwise, the squalane
contains the surface active substance monoolein at a concentra-
tion of 10 mM. This concentration is well above the critical mi-
cellar concentration (CMC) and we thus assume that the major-
ity of monoolein molecules are present in the form of micelles.
Squalane and water are almost immiscible but squalane dissolves
4vol.% of ethanol at room temperature15.

3 Results
A certain time after production, the initially spherical and homo-
geneous droplets of the ethanol/water mixture undergo a bulk
phase separation and may form compound droplets consisting of
two liquid phases that are both immiscible with the surrounding
squalane phase.

The stages of the evolution, and the duration to the onset of
the phase separation is controlled by the ethanol concentration
in the droplet at the time of production. We will first discuss the
observations for an medium ethanol concentration and continue
later with the qualitative and quantitative differences at lower or
higher initial ethanol concentrations.
Medium ethanol concentrations: For initial ethanol concentra-
tions ranging from about 40vol.% to approximately 70vol.%, the
majority of droplets start to self-propel in the oily phase immedi-
ately after production. During this stage 1 the droplets remain
spherical and optically homogeneous, cf. Fig. 1. During self-
propulsion in stage 1 every droplet looses a few percent of its
volume, and takes up monoolein molecules from the surrounding
phase. This volume loss is higher for droplets with a higher initial
ethanol concentration.

The influx of monoolein to the moving droplet is monitored
by adding the fluorescent lipid dye 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine- N-7-nitro-2-1,3-benzooxadiazol-4-yl to
the initially pure water/ethanol mixture, cf. the fluorescent mi-
croscopy image Fig. 1. Similar to monoolein, the fluorescent lipid
dye displays a strong affinity to ethanol and follows the reparti-

Fig. 1 Upper Panel: Evolution stages of self-propelled droplets with an
initial ethanol concentration in the range of 40− 70 vol.%. Top row:
Optical micrographs. Bottom row: sketches of the droplets, where the
intensity of the blue and yellow colors indicate increasing concentration
of water and ethanol respectively. The white scale bar in the optical
images represents 100 µm. Lower Panel: Fluorescent microscopy image
self-propelling droplets in fluorescent microscopy. (a) Droplet in stage 1
with an initial ethanol concentration of 60 vol.% displaying plumes and a
dark wake. (b) Nucleation of small ethanol-rich minority droplets inside
the mother droplet. (c) Janus droplet in stage 3 with an initial ethanol
concentration of 50 vol.% displaying the nucleation and growth of small
droplets of ethanol-rich phase on the surface of the leading water-rich
droplet.

tion of monoolein molecules between the fluid phases.
The fluorescent lipid dye dispersed in the oily phase also reveals

a wake behind the droplet, cf. Fig. 1 (a), which is indicative of a
thin depletion layer around the self-propelling droplet. Finally,
after 1-3 minutes a phase separation occurs in the bulk of the
droplets, marking the end of stage 1. Figure 1 displays a droplet
in the beginning of the following stage 2. Apparently, the entire
droplet appears blurry in transmission microscopy because of the
enhanced scattering of light at the fluctuations of the composition
at the onset of phase separation. Only a few seconds after the be-
ginning of stage 2, small droplets of a minority phase become
visible. These droplets are rich in monoolein and ethanol as in-
dicated by the enrichment of fluorescent lipid dye in the minority
phase, cf. Fig1 (b).

The nucleation of ethanol and monoolein-rich small droplets
inside the bulk of the ‘mother droplet’ lasts for about 1-2 min-
utes. In the course of stage 2, the initially small ethanol and
monoolein-rich droplets coalesce and coarsen into a single large
droplet, cf. the fluorescent microscopy image in Fig. 1. The lat-
ter droplet is found in the rear of the moving water-rich droplet.
Finally the ethanol-rich droplet is pushed out and trails behind
the leading water-rich droplet. At this point, the nucleation in the
bulk ceases and the initially spherical and homogeneous droplet
has transformed into a Janus droplet illustrated in Fig. 1. This
characteristic shape transformation marks the end of stage 2.

In the following stage 3 these Janus droplets self-propel for
about 5−10 min. Close inspection of the leading droplet in Fig. 1
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Fig. 2 (a): Velocity evolution of a self–propelling droplet with an initial ethanol concentration of 50vol.% and an initial radius of 40 µm. The dashed
line illustrates the exponential fit of the velocity decay in stage 3 according to Eq. (15) which yields a time constant τ−1 = 0.027s−1. (b): Maximum
velocity Umax of self-propelling droplets in stage 2 plotted against the droplet radius R, for initial ethanol concentration of 40%, 50%, 60%. The dashed
line indicates the average of Umax over the entire data set.(c): Scaling of the time constant τ of the exponential velocity relaxation in stage with the
droplet radius R for an initial ethanol concentration of 50vol%.(d):Velocity U of a self-propelling Janus droplet in stage 3 in comparison to the ratio
of the actual volume V of the leading droplet to the initial volume V0 at the end of stage 2 as a function of time t. The datum of the green symbol in
(c) corresponds to the droplet analyzed in (a).

reveals the nucleation of tiny ethanol-rich droplets. In contrast to
the formation of ethanol-rich minority phase droplets in the bulk
of the mother droplet in stage 2, these small ethanol-rich droplets
appear and grow on the interface between the leading droplet
and the ambient oil phase (clearly visible in supplementary movie
3). These tiny droplets are quickly advected by the swirling flow
toward the rear of the leading droplet where they finally coalesce
with the trailing (ethanol-rich) droplet. As a consequence of this
process, the volume of the leading droplet in stage 3 decreases
while the volume of the trailing droplet increases.

The appearance and growth of the tiny droplets also influences
the trajectories of active Janus droplets. Droplets moves persis-
tently into the same direction if there are nearly equal numbers
of these tiny droplets on either sides of the surface of the leading
droplet, cf. Fig. 3. However, if there is an imbalance in the den-
sity of tiny droplets, the leading edge of the Janus droplet turns
into the direction of the side that is decorated with the smaller
number of tiny droplets, cf. Fig. 3.b. Therefore, the trajectories
of active droplets could be predicted knowing the distribution of
tiny droplets on the surface of the leading water-rich droplet.

At the end of stage 3, the two droplets forming the compound
Janus droplet may break up, as illustrated in Fig. 1. After separa-
tion of the ethanol- and monoolein-rich trailing droplet from the
leading droplet, the former typically spreads on the hydrophobic
substrate upon touching. In the majority of cases, the motion of
the water-rich and monoolein-poor leading droplet stops immedi-
ately after separation. In rare cases, however, the leading droplet

continues to self-propel by a few droplet radii.

During all evolution stages, the overwhelming majority of
droplets with an initial ethanol concentration of 50vol.% are con-
tinuously self-propelling. Droplets that are not moving immedi-
ately after their production do not start to self-propel until the
end of the experiment. Also the magnitude of the self-propulsion
velocity may vary pronounced between each stage and between
droplets in the same stage but with different initial ethanol con-
centrations.

In stage 1 the ethanol/water droplets self-propel at a constant
velocity after a few seconds, albeit with strong fluctuations. To-
wards the end of stage 1, a decrease of the self-propelling veloc-
ity is observed, cf. the example for the velocity evolution shown
in Fig. 2(a). The minimum velocity is reached at the transition
between stage 1 and 2. The value of the velocity in this mini-
mum scatters strongly and a systematic dependence on the initial
droplet radius could not be observed in our experiments.

In the following stage 2, the self-propelling droplet accelerates
until a maximum velocity is reached, cf. Fig. 2(a). The value of
the maximum velocity is independent on the droplet radius in the
range between 40 µm and 90 µm considered in this work, cf. the
plot of Umax against R in Fig. 2(b).

A typical velocity evolution of a droplet in stage 3 with an ini-
tial ethanol concentration of 50 vol.% is shown in Fig. 2 (a) in
comparison to a fit with an exponential decay of the form

U(t) =Umaxe−t/τ +U∞ . (1)
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allowing a plateau of constant velocity U∞�Umax at large times.

Exponential fits of the from (1) to the measured velocity evolu-
tion for a large number of droplets reveal that the maximum Umax

does not depend on the droplet size, cf. Fig 2(b). At large times,
the velocity of the Janus droplet in stage 3 fluctuates around a
small cruising velocity U∞�Umax and once the velocity has fallen
below a value ≈ 1−2µm/s, the droplet starts to interact with the
substrates until, eventually, becomes pinned.

The double logarithmic plot Fig. 2(c) of the decay time τ of
the fits not only illustrates that τ increases with the initial droplet
radius R but also reveals a clear power law scaling τ ∝ Rα with
an exponent of α = 1.6± 0.3. A correlation of the velocity decay
in stage 3 with the volume decay of the leading droplet can be
observed in Fig. 2(d). In this example, the relative volume loss of
the leading droplet is (V0−V∞)/V0 ≈ 0.2 while the velocity ratio is
U∞/Umax ≈ 0.05.

Low initial ethanol concentration: In droplets with a low ini-
tial ethanol concentration of about 30vol.%, or lower, the demix-
ing starts almost immediately after the droplet is placed in the
squalane. At these low initial ethanol concentration the droplets
directly begin to self-propel in stage 2, in contrast to the case of
droplets with a medium initial ethanol concentration. Also dura-
tion of demixing in stage 2 is shorter than the one for a droplet
with medium initial ethanol concentrations. Self-propulsion of
the formed Janus droplets in stage 3 can effectively be observed
only for around 5 min. Qualitatively, stages 2 and 3 for low
ethanol concentration are identical to the evolution stages for
droplets with a medium initial ethanol concentration described
above. Reducing the initial ethanol concentration in the droplets
even below 30vol.%, phase separation is not always observed and
self-propelled motion is not occurring reliably.

High ethanol concentration: Droplets with an initial ethanol
concentration between ≈ 70vol.% to ≈ 80vol.% display all three
evolution stages as shown in Fig. 4. Stage 1 extends to 10−15 min
before the phase separation at the beginning of stage 2. In addi-
tion to the boundary layer, we observe microscopic dark clouds
or plumes at the surface of active droplet during self-propulsion
in stage 1. The spatial extension of the plumes in the ambient
phase is the larger the higher the initial ethanol concentration.
Moreover, for the range of tested water/ethanol ratios, the spa-
tial extension is decreasing with time during the self-propulsion
in stage 1.

The duration of the subsequent de-mixing in stage 2 lasts for
around 1−2 min. In contrast to the intermediate and low ethanol
concentrations, the water-rich phase is now the minority phase
and several water-rich droplets are formed inside the ethanol-rich
droplet. Accordingly, the water-rich droplets are finally pushed
out of the larger ethanol-rich droplet and may continue to lo-
comote. The ethanol-rich mother droplet spreads on the OTS-
coated bottom of the device and thus stops moving. Production
of droplets with ethanol concentrations well above 80vol.% is not
possible as those droplets directly spread on the OTS-coated bot-
tom of the observation chamber.

4 Model
Predictive models to quantify the factors that control the duration
and velocity of a self-propelling droplet are useful in a variety of
applications15. In the following we propose a simple model that
explains the velocity of self-propulsion in the different stages of
their evolution as well as the time between droplet production
and phase separation from a mass exchange between the fluid
phases.

Any motion of the self-propelling droplets considered in this
work is driven by surface tension gradients on the interface be-
tween the water/ethanol/monoolein mixture and monoolein dis-
solved in squalane as ambient fluid. These surface tension gra-
dients are caused by spatial variations in the local composition
of the fluid mixtures. Spontaneous self-propulsion of the droplet
persists as long as a chemical non-equilibrium of the components
in the droplet and ambient fluid phase is maintained. Hence, the
self-propulsion must vanish once a chemical equilibrium of all
components is reached.

A number of possible mechanisms can explain the self-
sustained interfacial tension gradient on the surface of self-
propelling droplet in stage 1. These mechanisms have in com-
mon that they rely on diffusive transport of monoolein molecules
in the squalane phase to the droplet surface and on a concomi-
tant diffusion of ethanol from the droplet surface into the ambient
squalane phase. Here, it is reasonable to assume that the diffu-
sion of monoolein micelles in the squalane phase to the droplet
surface is the slowest process in the chemical equilibration pro-
cess and, thus, chiefly controls the surface tension gradients. For
the sake of simplicity, solutal Marangoni stresses due to ethanol
concentration gradients in the coexisting phases at droplet sur-
face will be neglected.

4.1 Stage 1

It is instructive to consider the situation where the droplet and
the ambient squalane phase are at rest. By this assumption any
mass transport by advection is ruled out. Chemical equilibration
is controlled by the diffusive flux and the concentration profiles
of all components as well as the gradients in the local chemical
composition of the phases are spherically symmetric.

This quiescent droplet state can now be stable or unstable
against small displacements of the droplet’s center of mass. If a
droplet is in chemical equilibrium with the ambient phase before
the displacement, the surface coverage Γ of monoolein molecules
in response to the displacement and surface coverage should de-
crease in front of the droplet and increase in the rear due to sur-
factant being swept backward. Since ∂γ/∂Γ < 0 for a surface
active substance like monoolein, an opposing gradient in the sur-
face tension builds up in response to a small displacement and
the droplet is pushed back into its original position. A sustained
self-propulsion in the direction of the displacement is observed
only if the surface coverage in the rear of the droplet is actively
kept at a lower value than in the front.

Surface coverage gradients that propel the droplet may occur if,
in addition to a quick repartition of monoolein between squalane
and the ethanol/water mixture, the diffusion of the monoolein
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Fig. 3 Fluorescent microscopy image of self-propelling droplets. Scale bar is 100 µm for all images. a) Optical micrographs of a self-propelling droplet
in a relatively straight motion. b) Optical micrographs of a rotating self-propelling droplet. Sketches of a droplet motion depending of a the density
of the secondary droplet nucleation (presented in yellow). In both panels the time frame between two consecutive frames is ≈ 0.3s .

Fig. 4 Evolution stages of self-propelled droplets with an initial ethanol
concentrations > 70vol.%. Top row: Optical micrographs. Bottom row:
sketches of the droplets, where the intensity of the blue and yellow colors
indicate increasing concentration of water and ethanol, respectively. The
white scale bar in the optical image is 100 µm.

in ethanol/water is much faster compared to the diffusion in
squalane. In this case, a monoolein depleted layer forms around
the droplet immediately after production. Because of the high sol-
ubility of monoolein in ethanol it is reasonable to assume that the
monoolein concentration c0 at the surface of the droplet is much
smaller than the monoolein concentration c∞ in the squalane far
away from the droplet. Using c0/c∞ ≈ 0 we can estimate the
concentration gradient on the surface to be ∇c ≈ c∞/δ where
δ denotes the extension of the monoolein depleted layer. As
the monoolein molecules quickly dissolve into the bulk of the
ethanol/water phase we assume a quasi-steady dynamic equilib-
rium ja = jd of the diffusive current ja = D∇c and the dissolution
rate per area, jd = k Γ. The kinetic constant k controls the num-
ber of monoolein molecules dissolving from the surface into the
ethanol–rich phase per unit time. Using the estimate of the con-
centration gradient, we arrive at the relation Γ ≈ k−1c∞/δ stat-

ing that the surface coverage of monoolein will be the higher the
lower the thickness of the boundary layer.

A displacement of an initially quiescent droplet will now lead to
smaller thickness of the depletion layer in the direction of the dis-
placement and to an increase of the thickness at the opposite side
of the droplet. Because the monoolein coverage on the adsorbing
droplet surface is the larger the thinner the boundary layer, we
will now observe a surface tension gradient with opposite sign
which drives the droplet further into the direction of the initial
displacement.

The idea of a monoolein depleted diffusive boundary layer in
the oil phase whose thickness grows while the oil flows past the
droplet can also be used to estimate the average thickness 〈δ 〉
of the boundary layer of a moving droplet. Assuming δ = 0 and
an infinite gradient at the time of production t = 0, the thickness
δ of the depletion layer will first grow as δ ≈

√
D t. Consider-

ing a self-propelled droplet moving with a constant velocity U ,
we can argue that the average value of the thickness will quickly
saturate to 〈δ 〉 ≈

√
D tc = R/

√
Pe where tc = R/U is the convec-

tive time scale of the flow. The Peclet number Pe = RU/D of
the steadily self-propelling droplets can be computed from the
propulsion velocity U , the droplet radius R, and the diffusion con-
stant D of monoolein micelles in the squalane phase. Following
the Stokes-Einstein relation D = kbT/6πηo rh with a temperature
of T = 300K,a dynamic viscosity of squalane ηo = 3.0 · 10−2 Pa·s,
and a hydrodynamic radius rh = 2nm for the micelles, we arrive
at a diffusion constant D = 3.7 · 10−12 m2/s of the monoolein mi-
celles. For a typical velocity U = 10 µm/s, and a droplet radius
R = 50 µm we have Pe ≈ 140 and a thickness–to–radius ratio of
the boundary layer δ/R ≈ 1/

√
Pe ≈ 0.083. From estimates of the

core diameter of the dark trail, (or wake) we conclude that the
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thickness of the boundary layer remains small compared to the
radius of the self-propelling droplet. In stage 1 and 2, the de-
pletion layer could be estimated from the thickness of the black
trail behind the self-propelling droplet. In stage 3, this estimate
could not be performed because the trailing ethanol droplet ab-
sorbs all the fluorescent molecules along the motion of the active
Janus droplet. Thus, it shields the fluorescent estimation of our
monoolein-depleted boundary layer.

The idea of a monoolein depleted boundary layer around the
swimming active droplet can be also employed to estimate the
total number of monoolein molecules adsorbed in stage 1 within
time t:

N ≈ 4π R2 〈 ja〉 t ≈ 4π

√
DU R3 c∞ t . (2)

Using the number of monoolein molecules in the droplet at the
onset of phase separation N∗ = 4πR3c∗/3, where c∗ denotes the
monoolein concentration in the droplet at the onset of phase sep-
aration, we arrive at the estimate

t∗ ≈ 1
3

√
R3

DU
c∗

c∞

. (3)

for the duration of stage 1 which is, apart from the prefactor,
identical to the expression proposed in Ref.15.

4.2 Stage 2

Modeling the kinetics of propulsion in the following stages 2
and 3 requires an understanding of the equilibrium phase be-
havior of the components, in particular, the shape of the-two
phase region in the equilibrium phase diagram of the ternary
mixture of monoolein, water, and ethanol. Based on the obser-
vation that squalane is virtually insoluble in a water/ethanol mix-
tures, we can restrict our consideration to ternary mixtures of
water/ethanol/monoolein. Semi-quantitative ternary phase dia-
grams displaying boundaries between single and two-phase re-
gions, and a few complex micro-phases at high monoolein con-
centrations are described in Refs.26,27. A tentative form of the
phase diagram of the ternary mixture ethanol/water/monoolein
summarizing the findings in Refs.26,27 is shown in Fig. 5.

A prolonged delay of the phase separation in the self-propelling
droplets observed for higher initial ethanol concentration agrees
with the assumption that the droplet looses more ethanol and
takes up more monoolein from the surrounding squalane phase
to reach the two-phase region of the water/ethanol/monoolein
phase diagram26–28 shown in Fig. 5. Once the amount of ad-
sorbed monoolein has reached a certain threshold value, the bulk
of the initially homogeneous droplet spontaneously de-mixes into
an ethanol-rich and a water-rich liquid phase.

The temporal evolution of the chemical composition of the ac-
tive droplet is sketched in Fig. 5 for low and high initial ethanol
concentrations. A spontaneous phase separation of the water-
/ethanol/monoolein mixture sets in once the chemical composi-
tions crosses the spinodal line in the phase diagram shown as
dashed-dotted lines in Fig. 5. At the onset of phase separation,
the trajectory splits into two separate curves which closely fol-
low the tie lines until the boundary of the two-phase region is
reached. Depending on the position of the crossing point relative

Fig. 5 Sketch of the ternary phase diagram for monoolein/water/ethanol
indicating the region of two-phase coexistence (grey) and the spinodal line
(dashed-dotted line). Possible trajectories of the composition of the self-
propelling droplet for an initial ethanol concentration below and above
70%vol are shown in a) and b), respectively, where the color corresponds
to stage 1 (green), stage 2 (orange) and stage 3 (red).

6 | 1–9Journal Name, [year], [vol.],

Page 6 of 9Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
5 

Ju
ne

 2
02

0.
 D

ow
nl

oa
de

d 
by

 N
or

th
um

br
ia

 U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
6/

15
/2

02
0 

9:
51

:0
7 

PM
. 

View Article Online
DOI: 10.1039/D0SM00460J

https://doi.org/10.1039/d0sm00460j


to the plait point, the majority phase may either be ethanol- and
monoolein-rich phase Fig.5a) or the water-rich and monoolein-
poor phase, cf. Fig. 5 (a) and (b), respectively. Assuming a slow
uptake the compositions of the two coexisting phases will be lo-
cated on the boundary of the two-phase region and connected by
a tie line at any time.

4.3 Stage 3

A stable coexistence of the two phases is attained once the com-
position of both phases have reached the binodal line bounding
the two-phase region. After this point, marking the beginning
of phase 3, a further decrease of the ethanol concentration in
the water-rich phase is achieved by further monoolein entering
the Janus droplet. Hence, the compositions of the two coexisting
phases follow points on the binodal line corresponding to a com-
mon tie line while the demixing degree of ethanol and water in
the Janus droplet is controlled by the amount of monoolein that
has been taken up from the ambient squalane phase.

With the aim to model the motion of Janus droplets in stage
3, we consider the temporal evolution of the concentration of
monoolein molecules nt = Nt/V in the trailing droplet, where Nt is
the number of monoolein molecules and V the volume of the trail-
ing droplet. The rate of change of the monoolein concentration is
then

ṅt =
Ṅt

V
− Nt V̇

V 2 , (4)

where we use the dot as an abbreviation for a time derivative.

The total flux Ṅt of monoolein molecules into the trailing
droplet is controlled by two processes. First, small droplets of
the freshly nucleated minority phase floating on the surface of
the leading droplet in stage 3 coalesce with the trailing droplet
and thereby increase the number of monoolein molecules at a
rate Ṅa, cf. Fig. 1 (c). Second, monoolein molecules adsorbed on
the surface of the leading droplet are advected to the three phase
contact line and enter the trailing droplet at a rate Ṅc.

The following model for self-propulsion in stage 3 neglects the
influx of small droplets and the volume change of both the trailing
and the leading droplet. Thus, we assume that these tiny droplets
do not affect the magnitude of the propulsion velocity.

Using the simplifying assumptions Ṅa = 0 and V̇ = 0, the change
of concentration can be simply written as:

ṅt =
Nc

V
=

2π R〈Γ〉U
V

, (5)

where R is the radius of the leading droplet, 〈Γ〉 the surface cover-
age of monoolein molecules on the interface between the water-
rich phase and the ambient squalane phase, and U the velocity of
the self-propelling compound droplet.

To describe the equilibration dynamics it is useful to define the
dimensionless undersaturation

X ≡ n∞−nt

n∞−n0
(6)

of monoolein molecules in the trailing droplet, where n0 and n∞

are the concentration nt at t = 0 and for t→∞. Using the definition

(6) we can express the rate of change (5) in terms of the change

Ẋ =− 2π R〈Γ〉U
(n∞−n0)V

(7)

of the dimensionless undersaturation.

One way to obtain the velocity U of self-propulsion in Eqn. (7)
is to balance of the injected power released by the monoolein
molecules and the power of work dissipated in viscous flows. The
power dissipated in the viscous flows is given by

Pdiss = 6π C ηo RU2 (8)

where ηo is the dynamic viscosity of the oil phase. The numerical
prefactor C depends on the geometry and the ratio of the viscosi-
ties of the droplet phase to the ambient squalane phase.

The power injected to the Janus droplet through the uptake of
monoolein collected from the interface of the water-rich leading
droplet can be written as

Pinj = (µ∞−µt) Ṅc = 2π (µ∞−µt) R〈Γ〉U , (9)

where µt is the chemical potential of monoolein molecules in the
trailing droplet. Starting from the balance Pdiss = Pin j, we ob-
tain the droplet propulsion velocity

U =
(µ∞−µt)〈Γ〉

3C ηo
(10)

which is independent on the droplet radius R. Besides a prefac-
tor, the same expression for maximum propulsion velocity can be
obtained from a balance of the Marangoni stress acting on the
droplet’s surface and the dissipation in viscous flows.

To describe the velocity relaxation in stage 3, we employ a lin-
ear expansion of the chemical potential difference:

µ∞−µt =
∂ µ

∂n

∣∣∣∣
n=n∞

(n∞−n)+O
{
(n∞−n)2

}
(11)

and rewrite Eq. (7) in the form

Ẋ =−2π R〈Γ〉2

3C ηo V
∂ µ

∂n

∣∣∣∣
n=n∞

X . (12)

Owing to the linear approximation in our model, the propulsion
velocity U(t) of the Janus droplet is strictly proportional to the
non-dimensional monoolein undersaturation X(t) in the trailing
droplet:

U(t) =Umax X(t) . (13)

Hence, the maximum velocity Umax is attained for the maximum
possible difference of chemical potential on the droplet surface:

Umax =
(n∞−n0)〈Γ〉

3C ηo

∂ µ

∂n

∣∣∣∣
n=n∞

. (14)

The solution of the differential equation (12) in time t is an expo-
nential decay

U(t) =Umax e−t/τ (15)
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with a time constant

τ
−1 =

2π R〈Γ〉2

3C ηo V
∂ µ

∂n

∣∣∣∣
n=n∞

(16)

For droplets with the same initial ethanol concentration at the
time of production, the volume V of the ethanol-rich trailing
droplet at the end of stage stage 3 will be proportional to the
initial volume of the mother droplet. If we assume a purely ad-
vective transport of monoolein into the trailing droplet, the time
constant of the velocity relaxation in stage 3, as given by Eq. (16),
will scale as τ−1 ∝ R−2, where R is the initial radius of the mother
droplet.

The size independent maximum velocity Umax of the droplets
at the beginning of stage 3 is in very good agreement with the
experimental data shown in Fig. 2.b. Taking into account the
uncertainty of the power law fit, the exponent α = 1.6± 0.3 of
the scaling τ ∝ Rα (Fig. 2.c) determined from the experimental
data is only slightly smaller than the value α = 2 predicted by the
model.

5 Discussion
The observation of a certain, but small fraction of droplets that do
not move after production could be linked to pinning the droplets
by impurities on the bottom surface of the cell. Another pos-
sible origin for the existence of quiescent droplets could lie in
the growth kinetics of the monoolein-depleted boundary layer at
the beginning of the experiment. Monoolein-depleted boundary
layers whose thickness exceed a certain threshold may not allow
sufficient Marangoni stresses to bring the droplet into a continu-
ously self-propelling state. A dynamic bistability between a self-
propelling and a quiescent stationary states has already been pro-
posed in Ref.32. Their weakly-nonlinear stability analysis is based
on a similar diffusion and reaction-controlled model of the sur-
factant transport but is restricted to asymptotically small Peclet
numbers32.

Simultaneously to the dissolution of monoolein in the droplet,
a certain amount of ethanol will dissolve in the ambient squalane
phase during self-propulsion. Gradients of ethanol concentration
close to the surface of the moving droplet may also contribute
to Marangoni stresses in all stages of the evolution. The increas-
ing droplet velocity in the following stage 2 of the droplet evo-
lution can be explained in terms of an increasing magnitude of
the derivative ∂γ/∂Γ of the surface tension γ between the lead-
ing droplet and the ambient oil phase during phase separation.
A decreasing ethanol concentration in the majority phase could
give rise to higher Marangoni stresses, and thus to faster self-
propulsion.

Alternative to the self-sustained surface tension gradients
driven by the fast repartition of monoolein molecules from the
squalane into the ethanol-rich droplet creating a monoolein de-
pleted layer in the squalane phase, one could explain sponta-
neous self-propulsion from a swelling of monoolein micelles with
ethanol in the vicinity of the droplet’s surface. This swelling
mechanism has been proposed for nematic liquid crystal droplets
that self-propel in an aqueous ionic surfactant solution33. In this
case, the surfactant molecules desorb from the rear of the droplet

during a spontaneous emulsification. The corresponding trail of
tiny nematic liquid crystal droplets covered with the surfactant
can be clearly observed in optical microscopy33. In the present
system, however, the swelling mechanism proposed in Ref.33 is
not able to explain the formation of the dark trail left behind the
droplet. The high affinity of the lipid dye to the ethanol in the
micelles would rather increase the fluorescence intensity in the
droplet’s wake. The observed reduced intensity, however, is well
in line with a dye depleted boundary layer that has separated
from the droplet.

But not only the trail, also the dark clouds or plumes ob-
served in the course of stage 1 can be a direct consequence of
the monoolein and dye depleted boundary layer in the squalane
phase. The gradients in the monoolein surface coverage may give
rise to several smaller convection cells at the surface of the droplet
instead of a single axially symmetric convection cell driven by
Marangoni stresses. These cells advect the monoolein depleted
layer close to the droplet into the surrounding bulk phase which
become visible as plumes. Advection and separation of the dye
depleted boundary layer at a converging stagnation points of the
convection cells can easily explain the dark plumes visible in flu-
orescent microscopy.

Despite its simplicity, the model captures the qualitative behav-
ior of the active Janus droplet motion in stage 3 and is able to pre-
dict a radius independent maximum velocity at the beginning of
stage 3. The maximum velocity corresponds to the largest differ-
ence between the chemical potential of the monoolein molecules
in the ambient squalane phase and in the ethanol–rich trailing
droplet at the time when the minority phase droplets form a
three–phase contact line.

The assumption that the surrounding oil phase is not altered
in the presence of the self-propelling droplets might be reason-
ably well fulfilled only for a single droplet. In the experiments
reported here, we prepared typically a group of droplets in one
cell which could change the monoolein concentration in the sur-
rounding squalane phase over time. The decrease of available
surfactant in the oil phase may not only explain the slight devia-
tion of power law exponent of the relaxation time in terms of the
droplet radius but also the non-zero final velocity at the end of
stage 3.

Nucleation of tiny ethanol-rich droplets on the surface of the
leading droplet affects the trajectories of the self-propelling Janus
droplets. Each of the tiny droplets will generate a Marangoni
flow convection roll similar the one of the big trailing droplet in
the rear of the Janus droplet. If there are a nearly equal num-
bers of these tiny droplets on either sides of the leading droplet’s
surface, the resulting stress generated by the tiny droplets cancels
out and the Janus droplet keeps a persistent motion (see Fig.3.a).
If they are more tiny droplets on one side of the leading droplet,
the Marangoni flow around the tiny droplets enhances backward
flow on the side with an excess of tiny droplets. As a results the
Janus droplets turns to the side with the lower number of tiny
droplets and continues to propel into the new direction after the
tiny droplets causing the imbalance have coalesced with the trail-
ing droplet (see Fig.3.b)
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6 Conclusions
Sponteneous self-proplusion and the evolution of droplets made
of a water/ethanol mixture in an oil/surfactant solution can be
explained from an absorbtion of surfactant molecules from the
oily phase in combination with the continuous loss of ethanol. A
simple model based on the assumption of a thin surfactant de-
pleted boundary layer in the oil phase is put forward to explain
the duration and propulsion velocity associated to the stages of
the droplet evolution. The existence of the thin surfactant de-
pleted boundary layer in the oil phase is evidenced by a dark trail
in the wake of the self-propelling droplet. The model presented in
this work not only captures the delayed onset of phase separation
occuring in the bulk of the droplets, it also explains the exponen-
tial velocity relaxation of the Janus droplets in stage 3 as well as
the scaling of the relaxation time with the droplet radius and the
radius independent maximum velocity at the cross-over between
stage 2 and 3. To the best of our knowledge, the simple exponen-
tial decay Eq. (15), and the expressions for the respective max-
imum velocity Eq. (14) and time constant Eq. (16) provide the
first quantitative description of the evolving velocity of an active
Janus droplet.

Contributions to self-sustained Marangoni stresses could also
arise from the dissolution of ethanol into the ambient oil phase.
The relative magnitude of Marganoni stresses created by con-
centrations gradients of monoolein in the ambient phase and of
ethanol in the droplet phase could not be quantified in the present
experiments and even with unreported techniques (like Raman
spectroscopy). Our unreported attempts to determine concentra-
tion gradients of ethanol or monoolein in the surrounding phase
by CARS-microscopy failed due to a massive background caused
by the squalane that is masking the signal for all relevant con-
centrations. Trying to determine concentration gradients inside
water-rich droplets might be slightly easier from that perspec-
tive but suffers additionally from the optical interface provided by
the squalane-water interface. However, although the concentra-
tion gradients could not be determined quantitatively, monoolein
appears, qualitatively, to be the dominant source for the droplet
propulsion.
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