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We investigate experimentally the electrokinetic properties of soft nanofluidic channels that consist in

soap films with nanometric thickness, covered with charged surfactants. Both the electric and fluidic

responses of the system are measured under an applied voltage drop along the film. The electric field is

shown to induce an electro-osmotic hydrodynamic flow in the film. However, in contrast to systems

confined between solid surfaces, the soft nature of the nanochannel results furthermore in a thickening of

the film. This effect accordingly increases the total electro-osmotic flow rate, which behaves nonlinearly

with the applied electric field. This behavior is rationalized in terms of an analogy with a Landau-Levich

film withdrawn from a reservoir, with the driving velocity identified here with the electro-osmotic one.

DOI: 10.1103/PhysRevLett.110.054502 PACS numbers: 47.61.�k, 47.55.dd, 47.57.jd, 83.50.Lh

The development of microfluidics and nanofluidics fab-
rication methods has raised new challenges to drive and
manipulate flows in ever more tiny channels [1]. Indeed,
new behaviors arise at nanoscales where surface effects
become predominant [2]. Here, we consider soft nanoflui-
dic systems, in which the fluid is confined between soft
deformable surfaces. While the production of soft matter
nanoscale capsules or membranes by self-assembly of
various amphiphilic species has been known for decades
[3], such systems have barely been explored for nanofluidic
transport characterization. In particular, little attention has
been paid to electrokinetic phenomena in such controlled
films. Electrokinetic properties take their origins at inter-
faces, where hydrodynamic flow is coupled to ion reparti-
tion. They are accordingly strongly sensitive to molecular
details of the interface. In particular, hydrodynamic slip at
the surface has been shown to enhance electro-osmotic
(EO) flows in solid channels [2,4,5]. In soft fluidic chan-
nels, the deformability of the surface enters as a new
parameter, which can therefore strongly modify the hydro-
dynamic description of the flow.

We propose to investigate these properties by character-
izing electro-osmotic flow in a soap film. Soap films indeed
have many advantages: They are easy to produce; their
thickness is intrinsically in the nanometer range, since it
results from a balance between liquid pressure and surfac-
tant interactions [6]; and eventually, with ionic surfactants,
a surface potential larger than 100 mV may be obtained.
How these specific properties affect electrokinetic trans-
port is an open issue that we tackle here. Such effects are
crucial as they are encountered in many biological systems
[7] or soft membranes and emulsions.

The experimental procedure consists in confining a bub-
ble between two horizontal electrodes made of glass slides
coated with a 30 nm thick layer of platinum. As illustrated
in Fig. 1, a cylindrical film is created that connects the
electrodes via meniscii (that act as a reservoir of the
foaming solution). The foaming solution consists of a

tetradecyltrimethylammonium bromide, a cationic surfac-
tant, and solution above the critical micelle concentration
(Aldrich, 3 g=l) mixed with potassium chloride (Roth,
1 mM) in deionized water (Millipore). This total electro-
lyte concentration sets the Debye length of the system at
�D ¼ 5 nm. Surface tension � is measured by aWhilelmy-
plate experiment and is equal to 36� 1 mN=m. The solu-
tion conductivity Kbulk is measured with a conductimeter
(Hanna instrument) and is 58� 2 mS=m in the present
conditions. The setup is sealed in a hermetic box with a
water saturated atmosphere to avoid evaporation, and the
upper electrode is slightly curved to prevent any movement
of the bubble.
An electric field is generated within the soap film by

applying a potential drop �V on the electrodes. It reads

E ¼ � �V
h , where h is the film height; see Fig. 1. The

subsequent electrical current generated through the bubble
is recorded via a homemade I-V converter, controlled by
Labview software National Instruments.
To characterize the EO flow in these soft channels, we

investigate both the channel thickness and liquid flow rate

FIG. 1 (color online). (a) Scheme and notations of the experi-
mental configuration, with the cylinder soap film (blue or light
gray), the electrodes (gray or dark gray) and the contacting liquid
meniscii (blue or light gray) with radii of curvature RB

c and RT
c

for the bottom and top ones. (b) Picture of the soap film between
the electrodes. (c) Top view with notations.
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under applied electric field in several experimental con-
figurations. To this aim, the bubble shape is recorded
(Manta Camera, Allied Vision): The film height h, the
bubble radius R, and the curvature radii of the bottom
and top meniscii RB

c and RT
c are measured. The film thick-

ness � is determined through conductivity measurement
[8,9]. For a flat film, which is indeed in good agreement
with our color observations, the soap film acts as an
electrical resistance and the electrical current measured I
is directly linked to its thickness by the following equation:

I

�V
¼ 2�R�

h
K; (1)

where K is the film conductivity. This conductivity has two
contributions [9,10]: One, denoted as Kbulk, is due to bulk
ion mobility, and the second, denoted as Ksat, originates
from ionic surface transport and reads

Ksat ¼ �
2�

�
; (2)

where� is the ionic mobility and� the surface charge. The
surface contribution becomes dominant for channel sizes
smaller than the so-called Dukhin length lDu ¼ �

ec0
[2],

where c0 is the ion concentration. lDu is estimated in our
foaming solution as lDu ’ 120 nm with a surface charge of
� ’ 0:040 C=m2 observed for similar soap films [11]. For
a precise film thickness measurement, the surface conduc-
tivity due to the surfactant layer is first determined experi-
mentally. A 100 Hz ac voltage difference—in order to
avoid long-time effects of electro-osmosis—is applied
with a generator [low frequency generator (GBF) on
Fig. 1], and the amplitude of the resulting electrical current
is recorded. The continuous curve reported in Fig. 2(c)
represents the time evolution of the normalized conduc-
tance G ¼ hI=2�R�V. Several regimes can be identified.
Initially (t < 0), there is no film between the electrodes,
and the current is thus vanishing. Once the film is created
(at t ¼ 0 s), the normalized conductance first decreases
quickly with time, due to thinning of the film under drain-
age [12]. After 100 s, G reaches a saturation plateau. Note
that an abrupt change of this plateau value toward zero is a
signature of film breakage, as is exemplified in Fig. 2. The
saturation value can have different origins: Either the film
thickness becomes lower than the Dukhin length and con-
ductivity saturates at its surface value or drainage stops
once the film reaches an equilibrium thickness. However,
the equilibrium thickness is expected to be of order 50 nm,
as can be estimated from a balance between capillary
suction by the curved contacting meniscii and the electro-
static interactions between surfactants on the film surface
(using Rc � 0:5 mm and the disjoining pressure isotherm
found in Ref. [11]). This estimated size is at least 2 times
smaller than the Dukhin length, and the plateau of the
conductance is accordingly attributed to the saturating
surface conductance. Moreover, the conductance obtained
in such experiments is found to be independent of the

radius of curvature of the contacting meniscus and equal
to Ksurf ¼ Ksat� � ð0:77� 0:04Þ10�8 S. This corresponds
to a surface charge of � � 0:047 C=m2 [using Eq. (2) with
� ¼ 81� 10�9 m2 s�1 V�1]. This value is close to mea-
surements on a thin film balance for tetradecyltrimethy-
lammonium bromide in water [11]. In the following, we
shall use this measured value of surface conductivity to
deduce film thickness in the range of hundreds of nano-
meters from conductivity measurements.
In a second step, we investigate EO flow through the

soap film. A dc voltage difference is applied on the elec-
trodes to generate a constant electrical field along the film
in the gravity direction. We show in Fig. 2(a) pictures of a
bubble subjected to a constant electrical field for various
times. We observe that a liquid flow builds up from bottom
to top, which is a signature of the EO flow that occurs within
the soap film. Furthermore, the top meniscus has swollen as
time elapses. As surface charge is positive here, negative
counterions in theDebye layer are driven by this electric field
and drag the liquid within the film, as reported in Fig. 2(b).
Time evolutions of the geometrically normalized film

conductance G for several voltage drop amplitudes are
reported in Fig. 2(c) (symbols). As in the previous situation,
in the absence of a dc electric field, a first drainage regime
is followed by a plateau in the conductance, whose value
increases with the electric field magnitude. This shows
clearly that electro-osmosis is accompanied by a film thick-
ening. Moreover, if the electric field is suddenly modified
during an experiment, a change of film color is observed as
a result of thickness change. Two parameters are identified

FIG. 2 (color online). (a) Pictures of a bubble under an elec-
trical field E ¼ 70420 V=m, separated by 200 s. The dashed red
line locates the position of the meniscus at the beginning of the
experiment. (b) Zoom-in of the framed zone in (a): scheme of the
soap film structure and of the electro-osmosis mechanism.
(c) Geometrically normalized conductance G versus time and
for different applied electric fields. The continuous curve is
obtained for an ac field with hEi ¼ 0 V=m; the symbols corre-
spond to the dc field, as indicated in the figure.
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as affecting the film thickening: the radius of curvature of
the bottom meniscus and the electric field intensity.

We perform experiments with various radii of curvature
of the bottom meniscus by injecting or pumping liquid on
the bottom electrode. In Fig. 3(a), we report the stationary
value of the film thickness versus this radius RB

c . The
thickness increases linearly with RB

c and is 5–10 times
larger than in the absence of an electrical field. In the
following, we consider accordingly the slope �=RB

c as
the relevant physical parameter. Film thickening is also
increasing with the magnitude of the electrical field, E, as
illustrated in Fig. 3(b). We observe that the normalized
thickness varies as a sublinear power law of the electrical

field, as �=RB
c ’ ð7� 0:15Þ10�7E2=3.

These two dependencies can be interpreted theoretically
by an analogy with the classical Landau-Levich-Derjaguin
(LLD) withdrawing film problem [13]. In the original
situation, a plate is withdrawn from a bath at a constant
velocity V and a film is deposited on the plate, whose
thickness � is fixed by a balance between viscous entrain-

ment and capillary suction � / Rcð�V=�Þ2=3.
In our case, the film is driven by the electric forces at the

surfaces, withdrawing liquid from the bottom reservoir. To
describe this situation, we write the force balance within
the soap film in the vertical direction, within the lubrication
approximation:

�
@2vz

@x2
¼ �g� �

2

@3�

@z3
þ qðx; zÞE; (3)

where z (x) is parallel (perpendicular) to the film surfaces,
vz is the velocity field in the z direction, and qðx; zÞ is the
charge within the film, following a Poisson-Boltzmann

repartition [14]. As with the LLD problem [13], the thick-
ness can be determined by asymptotic matching of the film
with the static meniscus with a radius of curvature RB

c .
These equations are completed by a no-slip boundary
condition at surfaces (vzjsurface ¼ 0), assuming that the
surfactants at the interface are immobile. While this hy-
pothesis does not apply to a bare liquid gas interface, the
presence of surfactants affects this boundary condition; the
electric field indeed drives ions and surfactants in opposite
directions, and we assume that friction between both is
large enough to induce zero velocity at the border. In the
thin Debye layer limit, a pluglike flow is considered for the
mass contribution. We also assume a constant electric field
in the vertical direction. Gravitational drainage is neglected
in this calculation: Indeed, from the drainage curves with
hEi ¼ 0 V=m, the drainage velocity is indeed estimated to
a few hundred of microns per second to be compared to the
electro-osmotic velocity in the millimeter per second
range; see Fig. 4(b). We have solved the above equations,
making use in the derivation of the analogy to the problem
to LLD geometry [15]. We find accordingly that the film
thickness is given by an equilibrium between the electrical
forcing and capillary suction, according to

� ’ 2:68RB
c

�
�vEO

�

�
2=3

; (4)

where vEO ¼ 	
E=� is identified with the electro-osmotic
velocity and 
 is the so-called zeta potential, commonly
interpreted as the electrostatic potential at the position
where the velocity vanishes [2].

FIG. 3 (color online). (a) Film thickness � versus the radius of
curvature of the bottom meniscus RB

c for an electric field E ¼
2420� 40 V=m. The solid line is a linear fit. Each point
corresponds to an average of at least five experiments in com-
parable conditions. (b) �=RB

c , deduced from the previous plot, as
a function of the applied electric field E in a log-log plot. The
solid line is a power-law fit as �=RB

c / E2=3.

FIG. 4 (color online). (a) Volume V of the upper meniscus
versus time t. Inset: geometrically normalized flow rate (slope of
the curve before) versus applied electric field E. (b) Electro-
osmotic velocity as a function of the applied electric field. The
straight line corresponds to the electro-osmotic velocity calcu-
lated with 
 ¼ 160 mV.
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This law is similar to the classical Frankel law [16] where
the withdrawing velocity is replaced by the electro-osmotic
one. As shown in Fig. 3, this model captures the experimen-

tal dependencies of�with bothRB
c andE

2=3 over nearly two
decades. Nevertheless, the prefactor to the experimental
scaling law is overestimated by the prediction in Eq. (4)

and experimentally we find � ¼ 0:30RB
c � Ca2=3EO , with

CaEO ¼ �vEO=� and using 
 ¼ 130 mV, equal to the
surface potential measured in such systems [11] [see also
Fig. 4(b)]. However, such a discrepancy is not unexpected in
view of the assumptions thatweremade. First, considering a
constant electric field (even in the dynamic meniscus)
should be examined in more detail. The stick boundary
condition for the velocity at the interface should also be
scrutinized and explored with other types of surfactants;
indeed, the variations of the numerical prefactor in the
Frankel’s law versus surfactant type are still a subject of
active debate [17–19]. Eventually, polarization effects near
the surfaces result in deviations from continuous descrip-
tion, suggesting that Poisson-Boltzmann theory is question-
able in these films [20]. All these issues go beyond the
present work and should be investigated in the future.

Beyond film thickening, we also explore the flow effi-
ciency of the electro-osmotic driving. To this end, the time
dependent volume of the top meniscus is extracted from
the variations of RT

c and monitored by image analysis
(Matlab). The resulting volume variations versus time are
reported in Fig. 4(a). This measurement constitutes an
alternative method to extract the electro-osmotic velocity
in the soap film, which complements the previous analysis
of the film thickening. After a transient regime (�20 s),
the volume varies linearly with time, confirming that the
EO flow in the soap film occurs with a constant flow rate.
The slopes of the curves are extracted for different applied
electric fields, and the electro-osmotic flow rate is deduced,
as reported in the inset of Fig. 4(a). Electro-osmotic ve-
locity can therefore be deduced knowing the film thickness
in each case. These values versus applied electric field are
reported in Fig. 4(b). A linear dependency is observed
experimentally and matches the Schmoluchovski predic-
tion vEO ¼ 	
E=�. From a linear fit, a 
 potential value of
160 mV is measured, slightly larger than the surface po-
tential values of 130 mV obtained in similar systems.
Furthermore, as shown in the inset of Fig. 4(a), the total

flow rate Q is found to scale like Q� E5=3 in agreement

with the film thickening � / E2=3 established previously;
see Eq. (4). This shows that, due to its deformability, the
response of the soap film as a soft nanofluidic system is
naturally nonlinear.

To conclude, we propose in this Letter a quantitative
study of electro-osmotic flow in a soft nanochannel, a soap
film. The key point of our study is that such systems are
responsive and the electrodynamic response is accompa-
nied by film thickening: Films can be up to 10 times thicker
under an applied electric forcing. To our knowledge, soap

film thickening by electro-osmosis has not been reported
before, even if it has been observed in other situations like
foam drainage [21] or foam flow [22]. We rationalize our
observations with a model similar to the classical LLD
pulling film theory: This model captures the dependencies
of the thickening versus electric field, although overesti-
mating it, a point that will be the object of future work.
Modifying surface properties, by changing the nature of
the surfactants from the mobile surfactants used here to
more ‘‘rigid’’ ones, (for example, by addition of dodecanol
to our foaming solution, according to Ref. [23]), would be
particularly interesting to understand the mobility effect as
well as the role of the Marangoni effect and the exchange
of surfactants from bulk to surface on film thickening and
flow efficiency. Furthermore, our work opens new perspec-
tives in the context of nanofluidics, taking the benefits of
the soft nature of the nanofluidic channel. Indeed, since the
global flow rate is found to scale nonlinearly with electric

field,Q / E5=3, one may harvest this nonlinear response to
device new fluidic functionalities, such as flow diodes. It
would also be interesting to explore the regime of very thin
films, where ion selectivity becomes important and non-
linear effects, such as concentration polarization and over-
limiting currents, are to be expected [24].
Eventually, beyond the nanofluidic point of view, the

observed effect is also very interesting in the context of
liquid foam stability, for which a key mechanism at the
origin of foam collapse is liquid drainage. Drainage indeed
reduces the liquid fraction of the foam, which is critical for
foam destabilization [25,26]. Reversing drainage is there-
fore a crucial challenge, and there are to our knowledge
only few studies on this subject, all of them requiring a
specific formulation of the foaming solution (addition of
magnetic nanoparticles [27] or use of fatty acid tubes [28]).
Our results suggest that EO flow could be used in such a
structure to create a counterflow against gravity and stabi-
lize the system, as we indeed observe at the scale of a
single film. Another crucial point is that, if thickening is
not accounted for, spectacular values of zeta potential
would be measured, as briefly reported for differential
drainage in a macroscopic foam submitted to an electric
field [29]. Adapting this study to a real foam structure with
films, nodes, and plateau borders [30] is a great challenge
in order to use this phenomenon in real systems.
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