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Droplet a
tuation indu
ed by 
oales
en
e: experimentaleviden
es and phenomenologi
al modelingMathieu Sellier1,a, Volker No
k2 Cé
ile Gaubert3, and Claude Verdier4
1 Department of Me
hani
al Engineering, University of Canterbury, Christ
hur
h, New Zealand
2 Department of Ele
tri
al and Computer Engineering, University of Canterbury, Christ
hur
h, New Zealand
3 E
ole Normale Supérieure, Ca
han, Fran
e
4 Laboratoire Interdis
iplinaire de Physique, CNRS and Université Grenoble I, UMR 5588, Saint-Martin d'Hères, Fran
eAbstra
t. This paper 
onsiders the intera
tion between two droplets pla
ed on a substrate in imme-diate vi
inity. We show here that when the two droplets are of di�erent �uids and espe
ially whenone of the droplet is highly volatile, a wealth of fas
inating phenomena 
an be observed. In parti
-ular, the intera
tion may result in the a
tuation of the droplet system, i.e. its displa
ement over a�nite length. In order to 
ontrol this displa
ement, we 
onsider droplets 
on�ned on a hydrophili
stripe 
reated by plasma-treating a PDMS substrate. This 
ontrolled a
tuation opens up unexploredopportunities in the �eld of mi
ro�uidi
s. In order to explain the observed a
tuation phenomenon,we propose a simple phenomenologi
al model based on Newton's se
ond law and a simple balan
ebetween the driving for
e arising from surfa
e energy gradients and the vis
ous resistive for
e. Thissimple model is able to reprodu
e qualitatively and quantitatively the observed droplet dynami
s.1 Introdu
tionMi
ro�uidi
 devi
es play an ever in
reasing role in nano- and biote
hnologies. An emerging area of resear
hin this te
hnology-driven �eld is digital mi
ro�uidi
s whi
h is based upon the mi
romanipulation of dis
retedroplets. Mi
ro�uidi
 pro
essing is performed on unit-sized pa
kets of �uid whi
h are transported, stored, mixed,rea
ted, or analyzed in a dis
rete manner. An obvious 
hallenge however is how to displa
e the sessile dropletson a substrate. This work investigates a little explored driving me
hanism to a
tuate droplets: the surfa
e energygradient whi
h arises during the 
oales
en
e of two droplets of liquid having di�erent 
ompositions and thereforesurfa
e tensions. The resulting surfa
e energy gradient gives rise to a Marangoni �ow whi
h, if su�
iently large,
an displa
e the droplet in analogy to thermo
apillary a
tuation whi
h has been extensively studied, see forexample the review of Darhuber and Troian, [1℄, or the re
ent paper of Gomba and Homsy, [2℄.One of the earliest do
umented observations of the displa
ement indu
ed to a droplet pla
ed in the vi
inityof another one dates ba
k to work of Bangham and Saweris, [3℄. The authors des
ribed qualitatively the motionof a water droplet on a mi
a substrate indu
ed by the nearby presen
e and possible 
oales
en
e of a dropletof 60% a
eti
 a
id. They postulated the presen
e of a very thin �lm 
onne
ting the two droplets. The problemwas re
ently revisited by Bahadur and 
o-workers, [4℄, who attempted to unequivo
ally answer the questionof whether the indu
ed motion is the result of the presen
e of a thin 
onne
ting �lm or transport phenomenathrough the atmosphere as suggested by Carles and Cazabat, [5℄. Their results emphasized the importan
eof the thin �lm but 
ould not disregard the role played by the atmosphere sin
e the volatile phase tends to
ondense on the substrate. The advent of mi
ro�uidi
s has marked a renewed interest in droplet resear
h. Inthat 
ontext, Riegler and 
o-workers investigated the 
oales
en
e of droplets of di�erent �uids. They paid aparti
ular attention to the o

urren
e of fast or delayed 
oales
en
e, [6,7℄, noting the possible motion of one ofthe droplets. Lai et al. investigated the mixing potential of 
oales
ing droplets on a surfa
e with a wettabilitygradient, [8℄. Finally, the work of Bi
o and Quéré deserves spe
ial mention as it is the 
losed 
on�gurationanalogue of the work presented here, [9,10℄. The authors observed and analyzed the spontaneous motion ofliquid slugs indu
ed by their intera
tion with a slug of a di�erent �uid. The authors fo
used on �ows 
on�nedin 
apillaries or between parallel plates (Hele-Shaw 
on�guration).Re
ently, the 
oales
en
e of mis
ible droplets was investigated theoreti
ally in [11℄ and it was shown thattwo important dimensionless parameters govern the a
tuation me
hanism. The �rst one re�e
ts the magnitudeof surfa
e tension gradient whi
h is the driving me
hanism and the se
ond one, equivalent to a Pe
let number, isrepresentative of the importan
e of di�usion. Clearly, the numeri
al results indi
ated that the larger the surfa
etension gradient, the faster and the longer the motion. Di�usion, on the other hand, had an adverse e�e
t sin
eit tends to homogenize surfa
e tension and ultimately stop the droplet motion. The work of [11℄ established
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2 Will be inserted by the editorthe �theoreti
al� existen
e in the parameter spa
e of a self-propulsion window and the natural follow-up studywas to demonstrate experimentally these phenomena. The obje
t of this paper is to report on this experimentalwork and lay the basis of a simple phenomenologi
al model whi
h attempts to 
apture some of the underlyingphysi
s.2 Experimental eviden
es2.1 Observations on the 
oales
en
e of droplets of di�erent �uidsThe idea of the experiment is elementary and illustrated in Fig. 1. A droplet of Fluid 1 with an approximatelyknown volume was pre-positioned on a substrate using a mi
ro-pipette. A droplet of Fluid 2 was then depositedwith a mi
ro-pipette also in the immediate vi
inity of the Fluid 1 droplet. The �ow dynami
 was 
apturedusing a high-speed 
amera. The experiments are performed in open, un
ontrolled atmospheri
 
onditions on ahorizontal substrate. A range of �uid 
ombinations, mis
ible or immis
ible, and substrates were tested.
water droplet +coulouring

ethanol droplet

PDMS substrate

pipette

hydrophilic channel

Fig. 1. Prin
iple of the experiments: a droplet of water deposited in the middle of an hydrophili
 
hannel is a
tuatedby a droplet of ethanol dropped nearby.A wealth of fas
inating phenomena was observed during the 
oales
en
e. These are highlighted in a videowhi
h 
an be viewed at http://www.youtube.
om/wat
h?v=E33FxyqXLfw. Some of the most striking featureswhi
h were observed in
lude:� Spreading reversal: for water-ethanol on a Te�on substrate, the initially rapid 
oales
en
e and outwardspread is followed by a re
ession of the 
onta
t line (inward spread).� Transition from stati
 to transient states: for water-ethanol on a PMMA subtrate, the initial 
oales-
en
e is followed by a relatively long stati
 period during whi
h the droplet does not deform but spreadingultimately resumes rea
hing a di�erent �nal equilibrium state.� Chaoti
 transport and 
lustering: 
haoti
 transport of small parti
les seeded in a water droplet 
oales
ingwith an ethanol droplet. The parti
les ultimately 
luster in the 
onta
t line region.� Conta
t line �ngering and free surfa
e turbulen
e: for a toluene-sili
one oil system on a glass sub-strate, the intera
tion of these two immis
ible �uids is very pe
uliar. The toluene front rea
ts with thesili
one oil droplet literally pushing it away. Fingering instabilities are 
learly visible at the toluene 
onta
tline.This qualitative des
ription and the range of other 
ombinations we studied allowed us to draw several prelim-inary observations/
on
lusions:� As expe
ted, droplet a
tuation is more likely on a highly-wettable substrate with a low apparent 
onta
t-angle hysteresis.� A
tuation over signi�
ant distan
es was only a
hieved when the a
tuating �uid was volatile indi
ating theimportan
e of the vapour phase in the indu
tion of the surfa
e energy gradient. In some of our experiments,the a
tuated droplet 
ould be displa
ed by simply approa
hing (without tou
hing or depositing) the a
tuatingdroplet.� The motion only lasts a limited amount of time 
learly showing that the surfa
e energy gradient is a shortlasting phenomenon.� In some 
ases, no apparent thin �lm 
onne
ts the a
tuating and the a
tuated droplets.It is 
lear from basi
 physi
s 
onsiderations that two me
hanisms may be responsible for the observed motion.The �rst one is related to the evaporation of the a
tuating volatile droplet. The vapour of the volatile dropletdi�uses through the surrounding air 
ontaminating the free surfa
e of the other droplet and the substrate. The

http://www.youtube.com/watch?v=E33FxyqXLfw
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ondensation of the vapour on the substrate results in a one-sided variation of the 
onta
t angle of the a
tuateddroplet. This breaks the symmetry of the droplet and 
reates a pressure gradient whi
h indu
es propulsion. Thelo
al 
ontamination of the free surfa
e by the vapour also 
reates a surfa
e tension gradient and Marangonistresses whi
h tend to displa
e the �uid. The se
ond important me
hanism is a 
onsequen
e of the a
tualmixing of the two droplet whi
h 
reates a surfa
e tension gradient. Sin
e the system loses its symmetry duringthe 
oales
en
e, the 
apillary for
es exerted on the 
onta
t line does not balan
e on either side and the bi-dropis �pulled� towards the highest surfa
e tensions. The atmosphere plays a passive role in this se
ond me
hanism.This me
hanism is the one observed by Bi
o and Quéré in 
on�ned 
on�gurations (bi-slugs in 
apillaries orbetween parallel plates), [9,10℄.2.2 Motion 
ontrol using substrate patterningFrom a potential mi
ro�uidi
 appli
ation perspe
tive, the motion of the droplet needs to be 
ontrolled in somesense. The most 
onvenient way to a
hieve this motion 
ontrol is to 
reate hydrophili
 stripes on the substrate.This was a
hieved by plasma-treating the exposed surfa
e of a PDMS substrate. PDMS substrates were preparedby mixing Sylgard 184 (Dow Corning) base and 
uring agent in a 10:1 w/w ratio. The pre-polymer mixture wasdegassed and poured into round PS 
ulture trays, followed by further degassing. The PDMS was 
ured 3 h at65 ◦C in a 
onve
tion oven. After removal from the oven, substrates were left 24 h at room temperature beforeuse. Re
tangular samples of PDMS were 
ut out using a s
alpel and pla
ed upside down onto standard glassmi
ros
ope slides for handling. Glass 
overslips were used to pattern areas of variable surfa
e energy on thePDMS sample. This was performed by bringing the 
overslips in reversible 
onta
t with the PDMS and exposingthe samples to air plasma for 30 s at 100 W. Areas 
overed by glass remain hydrophobi
, while un
overed areasturn hydrophili
. After plasma treatment, the 
overslips were peeled o�.The most su

essful �uid 
ombination on these hydrophili
 highways was found to be water and ethanol.Fig. 2 shows a top view of the 
oales
en
e on subsequent motion on the stripe. The time sequen
e reads from topto bottom. The distilled water droplet (labelled DI in Fig. 2) is �rst pla
ed on the stripe. The ethanol droplet(labelled EtOH) is deposited to the left of the water droplet (it is barely visible be
ause of the la
k of 
ontrast).The water droplet is 
learly seen to move to the right-hand side of the stripe. In some 
ases the motion 
ouldlast over long distan
es (up to 10 times the initial droplet diameter).
DIEtOH

0500

DI

1500

DI

2500

DI

3500

untreated

untreated

DI

0000 ms

500um

DI

4500

plasma 30s

Fig. 2. Pi
ture sequen
e showing from above the a
tuation of the water droplet by an ethanol droplet on an hydrophili
highway.The side view of the phenomenon, shown in Fig. 3, o�ers greater insight into the dynami
s of the droplet. Inparti
ular, it is possible to measure the evolution of the advan
ing and re
eding 
onta
t lines. A side view videoof the droplet motion 
an be seen at http://www.s
ivee.tv/node/26233. Images were post-pro
essed usingthe ImageJ program, [12℄. Figure 4 shows the position of the front and rear 
onta
t lines as a fun
tion of timeand the 
orresponding 
onta
t line velo
ity for the a
tuated droplet (the water droplet on the right-hand side).A number of interesting features 
an be observed. The 
onta
t line 
losest to the ethanol (left-hand 
onta
t line)starts moving before the right-hand 
onta
t line. This results in an initial 
ontra
tion of the droplet (up to 2 s).The water droplet then starts to move with a near 
onstant diameter (distan
e from left-hand to right-hand
onta
t lines). The initial motion is quite rapid. The velo
ity peaks at about 6 mm/s and then de
ays in anexponential fashion towards zero. This trend was repeatedly observed for several data sets and is in a sense theexpe
tation from [11℄.The surfa
e treatment enables a 
ontrol of the a
tuated droplet traje
tory as 
an be seen in Fig. 5 whi
hillustrates the distilled water droplet going around a 90o 
orner after the deposition of an ethanol droplet at thetop of the pi
tures. The prospe
t to manipulate droplets on patterned surfa
es opens up interesting opportunitiesin the �eld of mi
ro�uidi
s. The following se
tion presents an initial modeling attempt.

http://www.scivee.tv/node/26233
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Fig. 3. Side view of the water droplet a
tuated by the ethanol droplet at two di�erent times. The water droplet movesfrom left to right.

Fig. 4. Position and velo
ity of the left-hand and right-hand 
onta
t lines.

Fig. 5. Distilled water droplet for
ed around a 90o 
orner.3 Phenomenologi
al modelThis se
tion des
ribes a simple model 
apturing the velo
ity variation shown in Fig. 4. In order to shed some lighton the underlying physi
s, we 
onsider the simpler quasi-two-dimensional system shown in Fig. 6 whi
h 
onsistsof a water droplet intera
ting with an ethanol droplet and follow an analysis analogous to the one presentedin [13,14℄ for thermo
apillary a
tuation. The proposed s
enario is that, as the ethanol droplet approa
hes thewater droplet, it modi�es the lo
al surfa
e energies and indu
es the water droplet motion. Experimentally, itis observed that the water droplet shape does not vary mu
h on
e it has been a
tuated and therefore, it willbe assumed that the droplet pro�le remains 
onstant in the following. The motion is the results of a balan
ebetween the surfa
e energy driving for
e, Fd, and the vis
ous resistive for
e, Fr. A

ordingly, Newton's se
ondlaw requires that
m
dV

dt
= Fd − Fr , (1)where V is the a
tuated droplet velo
ity and m its mass. The driving for
e on the water droplet 
an be expressedas

Fd = w (γB cos θa − γA cos θr) , (2)
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Fig. 6. Sket
h of the droplet system and notations.where w is the width of the hydrophili
 stripe, θa and θr the advan
ing and re
eding 
onta
t angles for thewater droplet (on the right-hand side and left-hand side in Fig. 6, respe
tively) and γB and γA the respe
tivesurfa
e tensions there. The resistive for
e is estimated by 
al
ulating the shear for
e exerted by the substrate onthe droplet. The �ow �eld is best inferred in a referen
e frame 
entered at the droplet 
entre whi
h moves withvelo
ity V . Assuming a unidire
tional �ow on the hydrophili
 stripe, the lubri
ation approximation enables theevaluation of the velo
ity pro�le. A

ordingly,
µu(z) =

1

2

dp

dx

(

z2 − 2zh
)

+
dγ

dx
z − µV , (3)where µ is the dynami
 vis
osity, dp

dx
the pressure gradient yet to be determined, and dγ

dx
the surfa
e tensiongradient. This velo
ity pro�le satis�es the 
ontinuity of tangential stress at the free surfa
e and the no-slip 
on-dition at the substrate. The pressure gradient in the velo
ity pro�le 
an be inferred by invoking the 
onservationof mass. After some algebrai
 manipulation, the wall shear stress τw is found to be given by

τw =
3µV

h
−

1

2

dγ

dx
. (4)Finally, the resistive for
e is found by integrating the wall shear stress over the whole footprint of the droplet,

Fr =

∫ R−ǫ

−R+ǫ

∫ w

2 −ǫ

−
w

2 +ǫ

τwdxdy . (5)Following [15,16℄, we introdu
e the 
ut-o� length ǫ to 
ir
umvent the stress singularity at the 
onta
t line. Thislength is representative of the region where the no-slip 
ondition is expe
ted to break down and is thereforeexpe
ted to be on the order of mole
ular dimensions. At this stage, some assumptions are ne
essary regardingthe droplet pro�le. Be
ause the width of the hydrophili
 
hannel is smaller than the 
hara
teristi
 Capillarylength, it is safe to assume that the 
ross-�ow droplet pro�le will be paraboli
 and following Darhuber and
o-workers, [17℄, we express the droplet thi
kness pro�le as
h(x, y) = hc(x)

(

1− 4
y2

w2

)

, (6)where hc(x) is the droplet 
entreline pro�le. Substituting eq. (4) into eq. (5) along with the assumed dropletshape (eq. (6) leads to
Fr = −

w

2
(γB − γA) +

w

2
log

∣

∣

∣

∣

w − ǫ

ǫ

∣

∣

∣

∣

3µV

∫ R−ǫ

−R+ǫ

1

hc

dx . (7)Moreover, following Ford and Nadim in [14℄, we assume the droplet to have approximately a paraboli
 pro�lesu
h that
hc(x) =

tan θs
2R

(

R2 − x2
)

, (8)where θs is the stati
 
onta
t angle. With this �nal assumption regarding the droplet pro�le, eq. (7) may �nallybe written as
Fr = −

w

2
(γB − γA) + log

∣

∣

∣

∣

w − ǫ

ǫ

∣

∣

∣

∣

log

∣

∣

∣

∣

2R− ǫ

ǫ

∣

∣

∣

∣

3wµV

tan θs
. (9)



6 Will be inserted by the editorFinally, 
ombining eqs. (1), (2), and (9), we obtain
m
dV

dt
= w (γB cos θa − γA cos θr) +

w

2
(γB − γA)− log

∣

∣

∣

∣

w − ǫ

ǫ

∣

∣

∣

∣

log

∣

∣

∣

∣

2R− ǫ

ǫ

∣

∣

∣

∣

3wµV

tan θs
. (10)As the velo
ity peaks for dV

dt
= 0, this 
ondition allows us to estimate the peak velo
ity Vmax whi
h is given by

Vmax =
tan θs
3µK

(

(γ⋆
B cos θa − γ⋆

A cos θr) +
1

2
(γ⋆

B − γ⋆
A)

)

,with K = log

∣

∣

∣

∣

w − ǫ

ǫ

∣

∣

∣

∣

log

∣

∣

∣

∣

2R− ǫ

ǫ

∣

∣

∣

∣

, (11)where the ⋆ indi
ates surfa
e tension values evaluated at the time when the velo
ity peaks. If we assume that
θa = θs −∆θ and θr = θs +∆θ where ∆θ is small, we 
an also rewrite the peak velo
ity as follows:

Vmax =
tan θs
3µK

(

(γ⋆
B − γ⋆

A)

(

cos θs +
1

2

)

+ (γ⋆
B + γ⋆

A) sin θs∆θ

)

. (12)From this expression, we 
on
lude that the peak velo
ity in
reases with the surfa
e tension di�eren
e (γB − γA).This 
on
lusion was also predi
ted in [11℄. The peak velo
ity also in
reases with the stati
 
onta
t angle, andthe 
onta
t angle di�eren
e ∆θ. On the other hand, the peak velo
ity de
reases with the vis
osity as intuitivelyexpe
ted. Interestingly, it 
an be noted that this peak velo
ity appears to be independent of the width of thehydrophili
 
hannel. The reason for this is that both for
es vary linearly with the width of the 
hannel. Notethat this observation was 
on�rmed experimentally as no dis
ernable e�e
t of the 
hannel width on the distan
etraveled was observed.With the assumed droplet pro�le, the mass 
an easily be expressed in terms of observable quantities a

ordingto
m = ρ

8

18
w tan θsR

2 . (13)Equation (10) is a simple ordinary di�erential equation whi
h 
an easily be integrated but the question nowarises as to how to 
ompute γA and γB . As a �rst approximation, we make the assumption that the ethanolvapour �dissolves� in water on the ethanol side thereby de
reasing the surfa
e tension. Only a limited amount
csat of ethanol is able to dissolve. In the proposed s
enario, the ethanol vapour di�uses through the surroundingatmosphere with a di�usion 
onstant D and progressively 
ontaminates the water droplet free surfa
e therebyde
reasing its surfa
e tension. We assume this di�usion pro
ess to be one-dimensional as a �rst approximation(i.e. uniform ethanol 
on
entration a
ross the droplet 
ross-se
tion). A

ordingly, the ethanol 
on
entrationsatis�es

∂c

∂t
=

∂

∂x

(

D
∂c

∂x

)

, (14)
c(x, t = 0) = 0 , (15)
c(x = xA, t > 0) = csat , (16)
∂c

∂x
|xb

= 0 . (17)The left-hand boundary 
ondition implies that on the ethanol side, the ethanol 
on
entration is equal to csatand the right-hand 
ondition is essentially a no-�ux boundary 
ondition. This di�usion equation admits thefollowing analyti
al solution, [18℄:
c(x, t) = csat − csat

∞
∑

n=0

Bn sin
(

(2n+ 1)
πx

4R

)

exp−
(2n+1)2π

2
Dt

16R2 ,with Bn =
4

(2n+ 1)π
. (18)surfa
e tension of this water-ethanol mixture is reported in [19℄ and well approximated by

γmix(c) = 0.023 + 0.047 exp−
c

0.1713 . (19)Using eqs. (10), (18), and (19), the variation of the droplet velo
ity with time 
an be 
omputed for given values ofthe advan
ing and re
eding 
onta
t angles. These are taken to be time-averaged values over the pi
ture sequen
eextra
ted from the re
orded video (see Fig. 3 for two su
h pi
tures). A

ordingly, the advan
ing 
onta
t angle
θa is taken as 34o and the re
eding one θr as 35o. The stati
 
onta
t angle is 
hosen to be the average of theadvan
ing and re
eding ones. The droplet radius, also averaged over time, is 1.3 mm. The dynami
 vis
osity is
hosen to be that of water, i.e. 10−3 Pa.s. This model has three parameters for whi
h only limited knowledge isavailable:� The 
ut-o� length ǫ. This 
ut-o� length is representative of a mole
ular length s
ale. We 
hoose here a valueof 10−9m whi
h is 
omparable to the values 
hosen in [15℄.
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Fig. 7. Comparison of the experimentally measured droplet velo
ity (red dots) and the theoreti
ally predi
ted one (blueline). The left hand �gure is for csat = 0.012, and the right-hand one for csat = 0.04.� The di�usion 
onstant D. Reasonable values of di�usion 
onstants for the vapour of various volatile liquidshave been reported in [20℄ and many typi
al values are 
lose to 3 × 10−6 m2/s. We therefore 
hoose herethis parti
ular value. Note that di�usion in the liquid bulk is order of magnitude slower.� The saturation 
on
entration csat. This introdu
ed parameter is the least quanti�able one and it will serveas a �tting parameter.The di�erential equation (10) is simply solved using the ode45 MATLAB routine. Results reported in Fig.7 are only for the exponential de
ay whi
h follows the velo
ity peaks observed in Fig. 4. The left-hand graphwith csat = 0.012 reprodu
es very 
losely the experimentally observed velo
ity peak and the velo
ity de
ay.The peak velo
ity is most in�uen
ed by the value of csat as larger values of this parameter result in a largersurfa
e tension di�eren
e between both ends of the droplets and therefore a greater driving potential. This isobserved on the right-hand graph of Fig. 7 whi
h shows that the peak velo
ity in
reases by a fa
tor of two as
csat is in
reased from 0.012 to 0.04. It should be noted that this low value of csat implies that a relatively smallsurfa
e tension gradient is a
tually present at the water droplet surfa
e. This surfa
e tension gradient is on theorder of 1.2×10−3 N/m/mm. The di�usion 
onstant on the other hand has most e�e
t on the time 
onstant inthe velo
ity de
ay as intuitively expe
ted.4 Con
lusionsThis paper dis
usses an a
tuation me
hanism with potential appli
ation in the �eld of mi
ro�uidi
s. This me
ha-nism relies on the surfa
e energy gradient whi
h arises when two droplets are pla
ed in immediate proximity and
oales
e. We have studied a wide range of �uid systems and observed 
omplex phenomena in
luding spreadingreversal, transitions from stati
 to transient states, 
haoti
 parti
le transport, parti
le 
lustering at the 
onta
tlines, 
onta
t line �ngering, and free surfa
e turbulen
e. The most rea
tive �uid 
ombinations always involveda volatile �uid phase indi
ating the importan
e of the parti
ipating atmosphere. With mi
ro�uidi
s appli
ationin mind, we also presented a possible way to 
ontrol the indu
ed motion of one of the droplets by 
reatinga hydrophili
 �highway� on a PDMS substrate. We have shown that this is a 
onvenient way to 
ontrol thedroplet motion in straight line but also on more 
omplex paths su
h as a 
orner. Con
entrating on the simplest
ase of a water droplet a
tuated by an ethanol droplet on a straight hydrophili
 
hannel, we observed that thewater droplet velo
ity rapidly rea
hes a maximum value of around half a 
entimeter per se
ond and then slowlyde
ays in an apparent exponential fashion over a period of around 6 se
onds. Note that although only one 
asewas presented in detail, this trend was repeatedly observed. In order to explain the underlying physi
s, we havedeveloped a simple model based on Newton's se
ond law applied to the water droplet and taking into a

ountthe driving for
e resulting from gradients of surfa
e energies and the vis
ous resistive for
e. In this simple model,one unknown parameter, csat, served as an adjustable parameter that allowed the model to 
losely 
apture thedynami
s of the water droplet and predi
ts the e�e
t of various parameters su
h as the vis
osity, the 
onta
tangles, or the surfa
e tension gradient on the peak velo
ity. The results of the model suggest that the de
reaseof surfa
e tension of the water droplet on the ethanol side is quite small, on the order of 0.0032 N/m.A
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