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Abstract
We studied the generation of aqueous microdrops in an oil–water flow-focusing
device with integrated insulator-covered electrodes that allow for continuous
tuning of the water wettability by means of electrowetting. Depending on the oil
and water inlet pressures three different operating conditions were identified that
shift upon applying a voltage: stable oil–water interface, drop generation, and
laminar water jet formation. Full control over the drop generation is achieved
within a well-defined range of inlet pressures, in quantitative agreement with a
model based on the additive contributions from electrowetting and the local
hydrostatic pressure at the junction. The tuning power of electrowetting is
shown to increase upon device miniaturization, which makes this approach
particularly attractive for flow control on the sub-micrometer scale.

(Some figures in this article are in colour only in the electronic version)

The recent upsurge in droplet-based microfluidic research is fueled by the potential
application of drops as well-controlled environments for biochemical reactions [1], material
synthesis [2–4], single-cell analysis [5, 6], as well as novel fluid logical devices [7]. Commonly
pressure-driven flows are used to create droplets continuously either in a flow-focusing [8, 9]
or in a T-junction [10] geometry. While this approach provides high throughput capability,
it is amenable neither to detailed on-demand generation of individual drops nor to dynamic
control of surface wettability, which can dramatically affect the dynamics of two-phase
microflows [11, 12]. Alternatively, the electrowetting (EW)-on-dielectric approach is used
to digitally manipulate drops [13–15]. Compared to the continuous flow approach, EW
provides exquisite control over individual drops and surface wettability. However, current
implementations have low throughput and cannot readily be integrated with existing channel-
based technologies.

In this letter, we adopt a unified approach to create a soft microfluidic platform that harvests
the power of both methods and offers the capability of addressing their limitations. We achieve
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Figure 1. (a) Schematics of the electrowetting-based flow-focusing device (EW-based FFD)—
geometry and channels’ dimensions: width (W = 390 μm), height h and lengths (La, L0 =
L1 + L2, Lw, Lc). (b) Cross-section along the dotted line (see (a)). ((c), (d)) Top views in the drop
generation and laminar jetting regime, respectively.

this integration by incorporating EW into a flow-focusing device (FFD) and demonstrate
electrowetting-controlled drop formation. We identify experimentally the range of voltages and
driving pressures that yields EW-induced droplet generation. A theoretical description based
on the balance of external pressures and voltage-controlled capillary pressures quantitatively
accounts for the observations. Moreover we show that this unification yields a synergistic
outcome: the smaller the geometric scales the more efficient the electrowetting control of drop
generation.

Figures 1(a) and (b) illustrate the geometry of the EW-based FFD. The device was made in
polydimethylsiloxane (PDMS) using soft lithography [16]. The PDMS structure was clamped
mechanically onto an indium tin oxide (ITO)-covered glass substrate, which was pre-coated
with a hydrophobic dielectric layer of Teflon AF (thickness d ≈ 4 μm) following [17]. The
elastic nature of PDMS enabled a conformal seal with the bottom electrode. A thin wire
immersed into the aqueous phase was used to apply an AC voltage (10 kHz) of 0–170 Vrms

(root mean square). The fluid flow at the water (deionized water + NaCl with a conductivity
σ = 10 mS cm−1) and oil (mineral oil μo = 0.03 Pa s, ρo = 875 kg m−3) inlets was driven
using hydrostatic heads with a precision of 1 Pa (≡0.1 mm). Young’s contact angles measured
through the water phase on the top (PDMS) and bottom (Teflon AF) surfaces are θtop = 150◦
and θbot = 169◦, respectively. An oil–water interfacial tension of γ = 38 mN m−1 was
measured using the pendant-drop method.

To explore the effect of EW on the operation of the FFD, we varied systematically the three
control parameters, namely, the inlet water pressure (Pw), inlet oil pressure (Po) and the voltage
(U). Figure 2 reports the resulting phase diagram, which was generated as follows: at zero
voltage and constant Po, the water pressure was increased such that a stable oil–water interface
formed at the cross-junction. Upon increasing Pw beyond a critical value P∗

w, this interface
becomes unstable and drops are being generated (figure 1(c)) at a constant rate that depends
on the absolute values of both Po and Pw. Upon decreasing Pw again below the critical value,
the drop generation ceases immediately without any noticeable hysteresis. Repeating these
measurements for various values of Po, we obtain a linear onset curve P∗

w(Po) for the generation
of drops (filled squares and full line in figure 2). The same experiment was then repeated for
a series of applied voltages up to Umax = 150 V (the maximum voltage is determined by the
onset of a contact line instability due to the high local electric fields occurring at Uc ≈ 170 V
in the present device [18]). Again, the critical water pressure turned out to increase linearly
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Figure 2. Phase diagram identifying the regime of droplet formation in EW-based FFD (h =
190 μm, W = 390 μm, μo/μw = 30—voltage: —� 0 V, 50 V, 80 V, 100 V, 120 V,

— 150 V). Hatched area: EW-tuning window with width δPm = PL(0) − PL(Umax).

with Po—with exactly the same slope λ (= 0.25 ± 0.01 for the present device) as in the
purely hydrodynamic case. Denoting the voltage-dependent critical water pressure at Po = 0
as PL(U), we thus find a family of onset curves described by

P∗
w(U, Po) = PL(U) + λPo. (1)

This family of curves thus defines an EW-tuning window (hatched in figure 2), in which the
generation of drops can be triggered by applying a voltage (while the oil–water interface is
stable at zero voltage).

Upon increasing Pw to values beyond P∗
w, we observe variations in the size and frequency

of the drops generated and eventually another critical value is reached, above which the drop
generation ceases and stable laminar jets are generated, as shown in figure 1(d). Like the onset
curve, the resulting upper boundary of the drop generation region (open symbols in figure 2)
increased linearly with Po and shifted downwards upon applying a voltage. Both boundaries
extrapolate to the same intercept PL(U) at Po = 0. In contrast to the onset curves, the transition
to the laminar jet displays a substantial hysteresis. In the following, we focus only on the onset
curve.

To model the behavior of the onset curves, we have to understand both the observed
decrease of PL(U) with increasing U and the value of the voltage-independent coefficient λ.
Since both the typical Reynolds number Re = ρLv/μ ≈ 10−1 and the capillary number
Ca = μv/γ ≈ 10−2 are small compared to unity, we expect the balance of static pressures
to control the system. (v is the characteristic velocity of the mean flow in the outlet channel.)
This expectation is corroborated by the fact that the water–oil interface close to drop generation
onset appears circular from above, as in static equilibrium (see figure 1(c)). Hence, the idea
of our model is the following: to generate drops at the FFD junction, Pw obviously needs to
exceed the sum of both the maximum Laplace pressure PL(U) that the oil–water interface can
sustain and the local hydrostatic pressure Pj at the junction. The former is determined by the
junction geometry and the voltage-dependent contact angle. The latter is given in analogy to
Ohm’s law by Po times a prefactor, λ, that depends on the hydrodynamic resistances of the
various channel segments.

Let us consider first the Laplace pressure, which is given by PL = γ (1/Rw + 1/Rh).
Rw and Rh are the radii of curvature in the horizontal plane (corresponding to the channel

3



J. Phys.: Condens. Matter 19 (2007) 462101 Fast Track Communication

width W ) and in the vertical plane (channel height h) (see figures 1(b) and (c))1. Upon drop
generation, the three-phase contact line is pinned along the vertical corners on the left side of
the junction. Therefore, Rw can adjust itself freely to meet the imposed pressure boundary
conditions. Its minimum value is Rw ≈ W/2, corresponding to the maximum Laplace pressure
that the interface can sustain. On the top and bottom surfaces, however, the contact line is free
to move. Hence, Rh is determined by the corresponding contact angles and by the channel
height. While θtop is constant, the contact angle on the bottom surface, θ(η), decreases with
increasing voltage following the well-known electrowetting equation [13]

cos θ(η) = cos θbot + η. (2)

Here η = ε0εr U 2/2dγ is the dimensionless electrowetting number, which measures the
relative strength of electrostatic and surface tension forces. ε0 and εr (=2) are the vacuum
susceptibility and the dielectric constant. For the present device, the minimum contact angle at
ηmax = η(Umax) is θmin = 80◦. Under these conditions, the radius of curvature, Rh, depends on
the applied voltage and therefore the pressure associated with this interface can be rewritten as

PL(U) = γ

(
2

W
+ 1

Rh(U)

)
(3)

where the geometric construction sketched in the inset of figure 3(a) relates Rh(U) to the two
contact angles:

1

Rh(U)
= − 2

h
cos

(
θ(U) − θtop

2

)
cos

(
θ(U) + θtop

2

)
. (4)

Equations (2)–(4) together establish a quantitative link between the intercept PL(U) and the
applied voltage U . To test this model we extracted PL(U) by extrapolating the onset curves in
figure 2 to Po = 0. The result is plotted in figure 3(a) ( and ) in dimensionless coordinates.
Excellent agreement between the model and the experimental data is achieved without any
fitting parameter. These measurements were further confirmed by measuring directly the water
pressure PL(U) required to bring the oil–water interface to the junction at zero oil pressure in
devices with two different channel heights, h = 190 μm ( ) and 115 μm (�).

Let us now determine the coefficient λ. Considering the equivalent hydrodynamic circuit
of the FFD [19] (cf the inset of figure 3(b)) and applying Ohm’s law, we find that the local
hydrostatic pressure at the junction is given by

Pj = 
c/(
a + 
o/2 + 
c)Po. (5)

Here, 
 (≈μL/Wh3, where μ is the viscosity of the fluid in the corresponding channel
segment of length L) denotes the fluidic resistance and subscripts refer to the respective channel
segments as shown in the inset of figure 3(b). Note that for channels with uniform cross-
sectional area throughout the device, λ depends solely on the length of the various channel
segments. Inserting the values for the various 
s for the data from figure 2, we find λ = 0.26
in excellent agreement with the experimentally determined value. This result was confirmed
for several other channel geometries and liquid combinations, as shown in the inset table of
figure 3(b).

The drop generation is thus governed by the very simple criterion that the applied water
pressure has to exceed the sum of the local hydrostatic pressure and the Laplace pressure. What
does this suggest about the physics involved in the onset of drop formation? What conclusions
can be drawn for applications of the method? First, we note that the success of the purely static
model corroborates our earlier assumption that hydrodynamic effects arising from both inertial

1 Strictly speaking, we should determine Rw in the plane containing the surface normal whenever θtop �= θbot.
However, this effect turns out to be negligible.
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Figure 3. Comparison of experiment and model for the drop onset curve. (a) Normalized
pressure PL(U)/PL versus electrowetting number η. Symbols: experiments (� = 115 μm, —

= 190 μm); lines: model (190 μm , 115 μm – – –). Inset: cross-sectional sketch of the
interface inside the channel: without EW (– – –), with EW (——). (b) Normalized critical water
pressure versus normalized oil pressure for various configurations. Inset: hydrodynamic circuit of
the device (top) and table (bottom) showing λ for various device geometries.

and local viscous forces can indeed be neglected. In fact, we can verify explicitly that both
contributions are small by analyzing the momentum balance and the viscous stresses due to the
flow along the outlet channel. The momentum flux density in the outlet channel is given by
pinert ≈ ρov

2 ≈ 0.1 Pa for a typical velocity v = O(1 cm s−1). The viscous normal stress at
the oil–water interface is given by pvisc ≈ μv/W ≈ 1 Pa, where we assume that the velocity
v decays over a typical distance of order W . Hence, both contributions are indeed significantly
smaller than typical value of P∗

w(U), which is of order kPa. Note that this is only true at the
onset of drop formation. The actual formation processes including the pinch-off are affected
by viscous forces. Second, PL(U) and λ, the two parameters that govern the drop generation,
can be varied independently by adapting the device geometry to optimize the control that can
be achieved by electrowetting. To maximize the influence of EW with respect to the local
hydrostatic pressure, one has to minimize λ (cf equation (5)). This is most easily achieved by
using a short and/or wide outlet channel with a low resistance 
c, as for instance in [9]. Finally,
the strength of the electrowetting effect itself can also be tuned by varying the channel height:
owing to the 1/h scaling of the Laplace pressure (equations (3) and (4)), the tuning range of
electrowetting is predicted to increase with decreasing device dimension. As a consequence,
the width of the EW-tuning window (cf figure 2) should increase allowing for greater flexibility
and wider range of drop-on-demand control.
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Figure 4. Evolution of δPm with the channel height h (model ——; experiment ). Inset: data
from figure 3(a) plotted in absolute units. The region delimited by δPm is the EW-drop generation
region. W = 390 μm for all geometries.

To verify the latter prediction we measured PL(U) for four different channel heights,
h = 55, 115, 160 and 190 μm. In the inset of figure 4, we show the decrease of PL(U)

for two different channel heights on an absolute linear scale. From these data we determined
the EW-controlled pressure tuning range δPm = PL(0) − PL(Umax), which is shown in the
main panel of figure 4 for the four values of h investigated—in perfect agreement with the
model calculation based on equations (2)–(4).

This scaling makes electrowetting a promising tool for the generation of micrometer-
sized and even smaller drops. For a characteristic size of 1 μm the corresponding pressure
scale is 105 Pa. For the present contact angle tuning range, this pressure can be reduced
by approximately 50% at U = Umax. This range can be expanded even more if a second
electrode is embedded into the top wall of the channel. In that case, the net curvature
of the oil–water interface could be reduced to negative values allowing for drop generation
even for situations with Pw < Pj. How far can the miniaturization of such a device be
extended? The electrowetting equation (equation (2)) assumes implicitly that the thickness
of the insulating layer is small. Current technologies allow for insulator thicknesses down to
�100 nm (see [13]), indicating that the model developed above should work down to the sub-
micrometer range. Even at smaller scales, electrowetting will still promote drop generation;
however, then a correct estimate of its strength requires an analysis of the local electric fields
and the corresponding Maxwell stresses [20].

In summary, we showed that integrating EW into a microfluidic FFD allows indeed for
a detailed electrical control of drop generation. The origin of the observed drop generation
threshold is shown to be due to additive contributions from electrowetting and the local
hydrostatic pressure at the junction of the FFD. The experimental phase diagram and the
concomitant model offer a guide for expanding the capabilities of the EW-based FFD. In
particular, we demonstrated that the influence of EW as a control parameter increases upon
downscaling, thereby making EW a promising tool also for sub-micrometer-sized devices.
We anticipate that the flexibility demonstrated here could be enhanced even further by using
specifically patterned electrodes in the junction area and optimized waveforms applied to
actuate them. These capabilities allow unprecedented control over drop size and frequency,
thus opening up new opportunities for automated drop generation and handling in applications
ranging from drop-based synthesis and analysis to emulsification to drop-based logical circuits.
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