
Fluid Control in Multichannel 
the interface between the conducting fluid 
and the channel wall is reduced and the wet-
ting of the microchannel wall by the conduct-

Structures by Electrocapillary 
Pressure 

ini fluid is enhanced. The charge-induced 
reduction of interfacial tension Ay equals 
d.o2/2&,&,, where d is the thickness of the 
insulating layer, a the net charge density 
accumulated in the aqueous solution, and E, 

M. W. J. Prins,* W. J. J. Welters, J. W. Weekamp the dielectric constant of the insulator (5). 
Using Gauss' law ( o  = &,&,V/d) we find 

We demonstrate control of fluid motion in three-dimensional structures with Ay = &,&,V2/2d(4), with V the voltage ap-
thousands of microchannels. Fluids are manipulated via an electrocapillary plied to the microchannel electrode. The abil-
pressure, originating from electrostatic control of the solidlfluid interfacial ity to modify the interfacial tension inside a 
tension in the microchannels. Reversible fluid displacement has been achieved microchannel gives an electrical tuning range 
for all channel orientations with respect t o  gravity. The velocities of several of the pressure generated by the meniscus, an 
centimeters per second are nearly two orders of magnitude higher than the electrocapillary pressure (10) 
velocities demonstrated by other electrofluidic actuation principles. force eAy - .! 1 q,crV2ECP = -= -

Fluids play an essential role in many process- ple, one fluid is an aqueous solution (electri- area A - A 2 d 
es and applications, ranging from (bio)chem- cally conducting) whereas the other fluid is a (1 

ical synthesis and analysis, to liquid-crystal gas or a nonpolar oil (electrically insulating). This equation applies for a microchannel with 
displays, printing technologies, and tech- When the channel is of submillimeter diam- an arbitrary shape, e being the inner circum-
niques to manipulate solid components. With eter, internal capillary effects are important. ference of the channel and A the cross-sec-
the rapid advances in microfabrication tech- The capillary pressure on the fluidfluid me- tional area of the channel. The charge-in-
nologies, challenges have arisen to develop niscus is determined by the difference be- duced pressure contribution is always posi-
miniaturized fluidic devices with a large tween two interfacial tensions, namely the tive, promoting the influx of the conducting 
number of channels or cells. In order to tension of the interface between the wall and fluid into the channel. The size of the ECP is 
achieve control of the position and velocity of the conducting fluid versus the tension of the given by the channel geometry ([/A) and by 
fluids in a structure with many thousands of interface between the wall and the insulating the electrostatic energy density at the inter-
microchannels, it is essential to develop inte- fluid. To be able to control the fluid flow, we face between the conducting fluid and the 
grated actuation principles that can operate exploit the phenomenon of electrocapillarity, channel wall. For a cylindrical channel, the 
locally on the fluids. Ideally, the actuation i.e., the fact that the apparent interfacial ten- ECP equals 2AylR, with R the channel radius. 
principle does not involve moving parts, is sion depends on the electrical charge density Because the magnitude of the ECP is inverse-
scalable to micrometer sizes, and is electri- accumulated at the interface (8, 9). The ly proportional to the channel radius, the 
cally controlled, rapid, reversible, and of low charge distribution (Fig. 1B) is shown when a actuation mechanism is well suited for small-
power consumption. Recently, nonmechani- voltage is applied between the aqueous solu- scale devices. 
cal electrofluidic manipulation was demon- tion and the electrode. Due to the electrostatic To investigate fluid control by ECP, we 
strated with redox-active surfactants ( I)  and attraction between the fluidic charge and its employed multichannel structures with hon-
by electro-osmotic flow (2). The maximum image charge in the electrode, the energy of eycomb-shaped microchannels ( l l ) ,  with ev-
flow velocities that have been demonstrated 
with these techniques are of the order of A B 
millimeters per second. We present fluid ac- .,..,,,........... ............... ..... hydrophobic coating 

tuation by an electrocapillary pressure (ECP) ,.,_..._ _.&.i ....I ._ (10 nrn fluoropolymer) 

originating from electrostatic control of the insulator (11.5 pm patylene) 
electrode (20 nm aluminum) 

solidfluid interfacial tension in a microchan-
nel. Micropumping by electrocapillary ef-
fects has been proposed in a theoretical study ,........... 
(3). Recent experimental work on electrostat-
ic control of solidfluid interfacial tension 
focused on planar and droplet geometries (4-
7). We demonstrate experimentally that ECP 
allows highly reversible fluid displacement at v 
velocities of several centimeters per second, 
in three-dimensional structures with many 
thousands of microchannels. 

The basic component of our experiment 
(Fig. 1A) is a microchannel with electrodes 
inside the walls. The microchannel is filled 
with two fluids that are immiscible and have 
different electrical conductivities. For exam-
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Fig. 1. (A) Sketch of fluid in a microchannel. The fluid at the bottom (shown in gray) is electrically 
conducting (an aqueous salt solution was used in our experiments).The top contains an insulating 
fluid (either air or a nonpolar oil in our experiments). A voltage V is applied to the electrode; the 
aqueous solution is at ground potential. The pressures at the bottom and top openings of the 
microchannel are expressed as p, and p,, respectively. The angle between the gravitational force 
and the long axis of the microchannel is given by P. (B) Close-up of the meniscus edge. Inside the 
microchannel wall, a 20-nm-thick aluminum electrode is present, separated from the aqueous 
solution by an insulating layer of thickness d. The insulating Layer consists of an 11.5-pm thickness 
of parylene (deposited by chemical vapor polymerization of di-p-xylylene) with a 10-nm flu-
oropolymer coating (AF1600 of DuPont, deposited from solution). Because of the applied electric 
field, opposite charge densities are induced at the fluidlsolid interface and in the subsurface 
electrode. The electrostatic attraction between the aqueous solution and the electrode enhances 
the coverage of the wall by the aqueous solution. 
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ery microchannel having a diameter o f  about mediated by communication channels (Fig. 
350 pm. A top view o f  a number o f  micro- 2B). For a direct demonstration o f  ECP, we 
channels is shown (Fig. 2A). The microchan- measuredthe voltage dependenceo f  the pres-
nel walls are coated with an aluminum elec- sure generated by the menisci. First, an ex-
trode and capped by an insulating coating ternal hydrostatic pressure was applied to 
with hydrophobic properties. The flow o f  push the aqueous solution into the hydropho-
fluid into or out o f  the microchannels is bic microchannels; subsequently, the external 

- - - pressure 
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Fig. 2. (A) Close-up of the multichannel 
1000 

structure. The microchannel walls are 
made of 5-km-thick polyester foil. The 800 

channels have a hexagonal shape with a A 

diameter of about 350 krn and a length 2 600 
of 20 mm. The total structure contains 

-
about 4000 microchannels. The image $ 400 
was acquired in a scanning electron mi-
croscope. (6) Sketch of the device geom- 200 
etry (side view). The multichannel struc-
ture is placed between two communica-
tion channels. Pressure sensors record the 

0 
-300 -200 -100 0 100 200 300 

pressures p, and p, in the communication 
channels. The voltage dependence of 

Applied voltage (V) 

pressure is recorded with the menisci in-
side the microchannelsand the external valves closed. All microchannel electrodes are activated 
with the same voltage V: the aqueous solution is at ground potential. (C) ECP as a function of 
applied voltage. Symbols represent measured values, using the voltage sweep Of-227/0/+227/ 
01-252 V. The solid line represents the theoretical behavior according to Eq. 1, in agreement with 
the independently measured parameters A = 0.12 r 0.01 mm2, P = 1.29 + 0.05 mm, E, = 2.7, 
and d = 11.5 ? 0.5 pm. The minimum of the parabola is located at -7 V. 

valves were closed. Figure 2C shows the 
voltage-induced contribution to the pressure 
generated by the menisci. Hysteresis and drift 
are insignificant i n  the data. The experimen-
tal results are i n  very good agreement with 
Eq. 1, a direct proof o f  ECP. 

The electrostatic forces on the meniscus 
can be used to position fluids in microchan-
nels. Figure 3 illustrates the fi l l ing and emp-
tying characteristics o f  a multichannel struc-
ture. The external valves were open to main-
tain constant pressures i n  the communication 
channels. The fi l l ing and emptying o f  micro-
channels can be visualized i n  an x-ray trans-
mission image, due to the high x-ray trans-
parency o f  the microchannel walls. Figure 3 A  
shows a multichannel structure i n  side view. 
The aqueous solution has been made to ab-
sorb x-rays by the addition o f  CsCI. A t  the 
bottom o f  the panels (Fig. 3A), the aqueous 
communication channel is visible. External 
electrical contacts serve to apply voltages to 
the aluminum electrodes i n  single microchan-
nels or to clusters o f  microchannels. I n  this 
particular device, eight external contacts are 
visible at the top o f  the x-ray images, each 
contact connected to a cluster o f  microchan-
nels six or seven microchannels in width. In 
the left image, all electrodes are at ground 
potential, causing the microchannels to be 
empty o f  aqueous solution. I n  the right im-
age, an external contact has been activated, 
causing one cluster o f  microchannels to vis-
ibly fill with aqueous solution. The micro-
channels fill to a level o f  10 mm, determined 
by the length o f  the aluminum pattern i n  the 
microchannels. 

The fi l l ing and emptying behavior is char-
acterized further as a function o f  the applied 

Fig. 3. (A) Transmissionx-ray images A activated B 
of a multichanneldevice (side view). electrode 4 
The pictures were taken with the x-
rays oriented perpendicular to the 
microchannel axes. The aqueous so- contacts 
lution shows high x-ray contrast due 
to the added CsCl salt. The micro- microchannels + 
channel walls are highly transparent 
to x-rays. At the bottom of the pic- aqueous 
tures, the communication channelfor communication + 
aqueoussolution is visible. A series of - 0mm

channel 
eight external electrical contacts is 10 rnrn -300 -200 -100 0 100 200 300 

apparent at the top of the images. 
(Left panel) No voltage applied to the multichannelstructure. (Right panel) A cluster with a width 
of seven microchannels filled with aqueous solution, activated by the applied voltage. The external C g m p t y  b m p t y  

valves (not visible) were open. (B) Fillinglemptyingcurve of microchannels,for upward microchannel 300 
orientation. Duringthe measurement,the external valves were open to maintain constant pressures 
in the communication channels. The voltage was swept at a rate of 10 Vfs. The degree of ,200 

microchannel filling has been determined by a measurement of the electrical capacitance. The 2 100 
right-hand scale gives the correspondingaverage levelof aqueoussolution in the microchannels.The 2 
symbols represent measuredvalues, with dashed lines as guides to  the eye. The solid lines represent 4k 0 
calculations of the positionof a meniscus in a microchannel, derived by balancingthe ECP with the -
microchannelhydrophobicityand applied hydrostatic pressures. Parameters:A = 0.12 2 0.01 mm2, 

>E -loo 

P = 1.29 + 0.05 mm, E, = 2.7, d = 11.5 + 0.5 pm, coatinghydrophobicity57 mN/m for the fillin5 -200 
curve, 49 mN/m for the emptying curve, mass density of the aqueous CsCl solution 1.11 X 10 
kg/m3, mass density of the decane oil 0.73 x lo3kglm3, a cluster of 270 microchannels. (C)Filling -300 

(V,,,,) and emptying (V,, q) voltages as a function of the hydrostatic pressure applied to  the 
0 100 200 300 400 500 

meniscus. Closed symbo!s are the measured filling voltages, open symbols are the measured Applied hydrostaticpressure (Pa) 

emptying voltages. The solid lines represent the calculated behavior. 
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voltage (Fig. 3B). The fluid level in the micro- 
channels was determined by measuring the 
electrical capacitance between the aqueous so- 
lution and the wall electrodes. The capacitance 
gives a direct measure of the overlap between 
the aqueous solution and the microchannel 
walls. In the absence of an applied voltage, the 
capacitance is nearly zero because the menisci 
reside at the microchannel openings. The mi- 
crochannels fill when the sum of ECP and 
applied hydrostatic pressures exceeds the hy- 
drophobicity of the microchannel walls. Be- 
yond the so-called filling voltage (V,,,, about 
175 V in Fig. 3B) the measured capacitance 
increases steeply, indicating that the menisci 
enter the microchannels. For voltages above 
210 V. the cavacitance saturates because the 
menisci stop at the end of the aluminum elec- 
trodes in the microchamels. When the voltage 
is subsequently decreased, complete emptying 
of the microchannels is observed. The emptying 
voltage (V,,,,) is somewhat lower than the 
filling voltage, a hysteresis due to movement of 
the fluid across imperfections on the micro- 
channel walls. The solid lines represent calcu- 
lations of the meniscus position in a microchan- 
nel, derived by balancing the ECP with the 
microchannel hydrophobicity and the applied 
hydrostatic pressures. The measured curves are 
broadened compared to the calculated curves 
due to parameter variations across the mul- 
tichannel structure (mainly the cross-sectional 
area and insulator thickness). The filling and 
emptying voltage depend on the magnitude of 
the pressures in the communication channels. 
Figure 3C shows the voltages as a function of 
the hydrostatic pressure applied to the menis- 
ci. The filling and emptying voltage decrease 
when the applied pressure increases. The ac- 
tuation voltages show a square-root depen- 
dence on the applied pressure, in agreement 
with Eq. 1. 

For most applications, it is important to 
achieve insensitivity to gravitational forces. 
We observed equal curve shapes for all ori- 

fluids in the microchannels. The reversibility 
of actuation by ECP is outstanding: in our 
multichannel structures, we demonstrated 
completely reversible filling and emptying of 
microchannels for more than 200,000 cycles 
in all orientations with respect to gravity (12). 

Finally, we studied the dynamic perfor- 
mance of ECP in a multichannel device. Fig- 
ure 4 shows the operation with external 
valves closed. A symmetrical driving scheme 
was used, i.e., the activation of a cluster of 
microchannels was accompanied by the de- 
activation of another cluster of microchan- 
nels. We call this the "push-pull" mode of 
operation. Figure 4A shows an x-ray trans- 
mission image of the device in a switching 
state, the arrow indicating the direction of 
flow of the aqueous solution. A movie and 
animation can be found at (13). Figure 4B 
shows the time evolution of the fluid levels in 
the two respective clusters, demonstrating a 
velocity of 5 cm/s. The highest ECP-driven 
velocity that we have observed in the micro- 
channels was 12 cmls, measured with air 
instead of oil as the second fluid. 

The phenomenon of ECP allows rapid and 
reversible fluid actuation in three-dimension- 
al microchannel structures. ECP scales in- 
versely with the microchannel radius, which 
makes it well suited for miniaturized devices. 
ECP does not involve mechanically moving 
parts, conferring advantages for reliability 
and integration density. The observed flow 
velocities of several centimeters per second 
are nearly two orders of magnitude higher 
than achieved by other nonmechanical elec- 
trofluidic actuation principles (1, 2). Because 
the operative electric fields are located close 
to the meniscus edge, it is an actuation prin- 
ciple with a high spatial resolution. ECP is of 
electrostatic origin, involving very low 
charge densities (of the order of Clm2) 
and very low displacement currents. In con- 
trast to other electrofluidic actuation princi- 
ples (1, 2), electrochemical reactions and 

entations with respect to with only a electrolytic bubble formation are absent. Fi- 
slight increase of hysteresis for orientations nally, because of the electrostatic nature of 
from sideways to inverted (90' < P 5 180') ECP, its energy consumption is zero at rest 
caused by the mass density difference of the and very low during movement (a few micro- 

Fig 4. (A) Simultaneous A B 
activation and deactiva- activated deactivated 
tion of microchannels. electrode electrode 
The figure shows a trans- 

3 
12 

mission x-ray image as in - - - * - Fig. 3A. The arrow indi- - 10 
E 

cates the direction of - E 8 
movement of the aque- - 
ous solution. (B) Mea- 6 

sured fluid level as a func- U 4  0 

tion of time, for filling 2 2 
(closed symbols) as well 
as emptying (open sym- - O-0.1 o 0.1 0.2 0.3 0.4 
bols) microchannels. At l o  mm time (s) 
t = 0, filling was induced 
by applying a voltage step from 0 to -237 V and emptying by a step from -237 to 0 V. The fluid 
level was determined from equal gray-level contours in x-ray images. 

watts per microchannel). The power efficien- 
cy of pumping by ECP is 50% (half of the 
energy is stored in the electrostatic field and 
half is resistively dissipated). For compari- 
son, pumping by thermal bubble formation 
has a power efficiency well below 1 %, main- 
ly due to heat losses to the environment. 

The concept of ECP is simple and pow- 
erful. It can be integrated into a variety of 
microfluidic fabrication technologies, for ex- 
ample, those based on thin plastic foils (11), 
on crystalline silicon (14), or on silicone 
rubbers (15). ECP is promising for applica- 
tions that demand a high degree of switching 
reversibility, such as displays and optical 
switches. The fluidic control principle can 
also be applied to guide microparticles or 
microcapsules through three-dimensional net- 
works of channels. Advanced flow architec- 
tures are possible, for example, based on push- 
pull geometries. Sustainable fluid transport can 
be achieved by proper sequencing of voltages. 
Finally, secondary fluids can be actuated via 
membranes or flexible channel walls to avoid 
chemical interferences. This will enable ECP to 
become an integrated engine for future (bio) 
chemical microanalysis and microsynthesis. 
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Proximity-Induced 

Superconductivity in DNA 
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Conductivity measurements on double-stranded DNA molecules deposited by 
a combing process across a submicron slit between rheniumlcarbon metallic 
contacts reveal conduction t o  be ohmic between room temperature and 1 
kelvin. The resistance per molecule is less than 100 kilohm and varies weakly 
with temperature. Below the superconducting transition temperature (1 kelvin) 
of the contacts, proximity-induced superconductivity is observed. These results 
imply that DNA molecules can be conducting down t o  millikelvin temperature 
and that phase coherence is maintained over several hundred nanometers. 

The desire to use molecules as the ultimate connected to superconducting electrodes 0.5 
building blocks of electronic circuits motivates pm apart. We observed a conducting behav- 
the quest to understand transport in molecular ior, with signs of proximity-induced super- 
wires. However, most molecules with delocal- conductivity below the superconducting tran- 
ized electronic orbitals undergo a structural sition temperature of the electrodes. The 
Peierls transition to an insulating state at low proximity effect (PE)-the penetration of su- 
temperature (1). Few systems are exceptions to perconducting correlations in a nonsupercon- 
this rule, with carbon nanotubes being one of ducting (normal) conductor connected to it- 
them (2). The situation of DNA molecules is has been extensively measured in metallic 
controversial. Optical experiments have indi- multilayers, mesoscopic wires made of noble 
cated the possibility of charge transfer in DNA metals (8 ,  9), and more recently in carbon 
molecules (3). As for transport measurements, nanotubes (1 0). Observing a PE in DNA mol- 
some indicate that DNA molecules could be ecules implies that these molecules are con- 
conducting (4, 5), and others indicate that they ducting, that their phase coherence length is 
are insulating (6, 7). Fink et al. (5) found that a on the order of the length of the molecules, 
small bundle of DNA molecules suspended and that they form a low-resistance contact 
across a hole in a metallic grid had an ohmic with the superconducting electrodes. 
behavior (linear IV curve). They found a resis- The experimental system consisted of 
tance on the order of 1 megohm for a l-pm- double-stranded 16-pm-long A-DNA mole- 
long sample. In contrast, Porath et al. (7) mea- cules connecting two superconducting rheni- 
sured a single 10-nm-long DNA molecule that udcarbon (RelC) electrodes, deposited by 
had been electrostatically trapped between elec- sputtering on a freshly cleaved mica sub- 
trodes 8 nm apart and found a nonlinear current strate. The Re film was 2 nm thick. The same 
voltage characteristic, with an insulating gap of nominal thickness of C did not produce a 
several hundred millivolts. smooth film but rather a "forest" of individ- 

Motivated by this puzzle, we performed ual fibers up to 40 nm tall (Fig. 1). The 
transport experiments on DNA molecules 	 resistance of the RelC bilayer was 100 ohm 

per square and underwent a superconducting 
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sisted of a double submicron slit that separat- 
ed the RelC film into two broad electrodes. 
The resistance of the structures was more 
than 1 gigohm and decreased to several ki- 
lohm after deposition of DNA molecules. 

In order to obtain aligned DNA molecules 
across the submicron gaps, we first glow- 
discharged the ReiC-covered mica substrate 
in the presence of pentylamine vapor, in order 
to promote adhesion (11). We then combed 
the DNA molecules using a continuous flow 
of DNA solution (12-14). After deposition, 
the samples were imaged with an atomic 
force microscope (AFM). The density of de- 
posited DNA molecules depended on the du- 
ration of deposition. We prepared two sam- 
ples with different estimated linear densities 
of DNAs perpendicular to the flow: 3000 and 
6000 cm-', corresponding, respectively, to 4 
and 10 min of adsorption time. We estimate 
that about 100 and 200 DNA molecules 
bridged the two electrodes in these two re- 
spective samples, yielding a total resistance 
of 3 to 4 kilohm and 2 to 3 kilohm. resvec- 
tively, and corresponding to an average resis- 
tance of about 300 kilohm per DNA mole- 
cule. However, this number is probably over- 
estimated, because only a fraction of the 
combed molecules is likely to be in good 
contact with the electrodes. We also checked 
that the resistance of the structures remained 
greater than 1 gigohm after treatment in a 
buffer solution (without DNA) flow. After 
DNA deposition, we attempted to isolate a 
single DNA molecule by destroying the other 
molecules with a low-power focused laser 
beam. To this end, we scanned the focused 
laser beam at low power (the beam diameter 
was about 1 pm, with power about 10 times 
less than used for cutting of the ReiC film) 
along the slit, except for a window that was 
left unetched. Scanning along the gap de- 
stroyed DNA molecules connecting the two 
electrodes and increased the resistance of the 
structure. 

We present low-temperature transport 
measurements on three such structures: sam- 
ple DNA1, with a 30-pm-wide unetched win- 
dow, contained approximately 10 combed 
molecules as estimated from AFM observa- 
tions; sample DNA2, with a 120-pm-wide 
window, had about 40 combed DNAs; and 
sample DNA3 had only a few molecules 
(probably two or three). The room tempera- 
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