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We describe a flexible emulsification method using an electric field to generate droplets in a
hydrodynamic-flow-focusing geometry in microchannels. The droplet size is controlled by the ratio
of inner and outer flow rates as well as by the electric field. As the voltage increases, the droplet size
decreases. A Taylor cone is formed and generates very fine droplets, less than 1 !m in diameter.
Small inner flow rates and high electric fields are required to form a stable Taylor cone in a dc
electric field. An ac electric field produces tiny droplets periodically. © 2007 American Institute of
Physics. #DOI: 10.1063/1.2790785$

The technology of emulsion drop generation has a wide
application in the food industry and in cosmetics,1 drug
delivery,2 and ink-jet printing. Microfluidic technology pro-
vides a highly controllable means of emulsification.3–8 The
flow focusing geometry3,8,9 is commonly used to generate
droplets whose size is easily controlled by the flow rates.
Anna and Mayer used a mode of breakup, the so-called tip-
streaming method, to generate tiny droplets which are a few
micrometers in diameter.10 However, there are limits to the
smallest droplet size that can be achieved by changing the
geometry, the size of the channels, and the properties of the
fluids. One potential means of overcoming these limitations
is the use of electrospray, an ionization technique that creates
droplets in a high electric field; it has a wide range of appli-
cations such as mass spectrometry.11 Electrospraying is
caused by an electric force applied to a liquid surface, and
many experiments have been carried out to make smaller
droplets using it. Bose reported electrohydrodynamic spray-
ing from an electrified capillary in 1745.12 In 1882, Rayleigh
established a stability criterion for electrified droplets.13 Ze-
leny carried out a pioneering systematic investigation of the
discharge from the electrified water surface in 1917.14 Von-
negut and Neubauer computed the equilibrium value for the
droplet radius by minimization of energy in 1952.15 In 1964,
Taylor described the cone-jet mode which has a semivertical
angle of 49.3°.16 Mutoh studied the disintegration of a vis-

cous jet with various conductivities in 1979.17 In 1986,
Hayati et al. explained the mechanism of an electrospray
using the electrical shear stress.18 However, only a few ex-
periments of emulsification in an electric field have been
performed with one liquid in another. In 1997, Sato et al.
proposed a method to form droplets in water and explained
electrohydrodynamic flow in macroscopic scale.19 However,
the device was not able to produce an electrospray. Barrero
et al. made cone jets of conducting liquids inside insulating
liquids which are stationary.20

Here, we carried out electrospray in a microfluidic emul-
sification device using a flowing-focusing geometry. For this
class of device, the droplet size depends on the size of the
orifice, the geometry, the properties of the fluids, and flow
rates of the inner and outer fluids; it is able to produce drop-
lets as small as microns in size.9,10 Typically droplets are
produced with a narrow size distribution !%2% ". An electric
field offers another means to control droplet size and possi-
bly to generate submicron droplets.

We fabricated the device using soft lithography.21 The
cross section of the channels is typically rectangular. The
fluids are driven by syringe pumps. Distilled water is used as
the dispersed phase which flows through the central channel.
The conductivity of the water is 0.378 !S. The continuous
phase is mineral oil with span of 80 !6 wt % " added as a
surfactant !Sorbitan mono-oleate, sigma, St. Louise, MO".
The oil exerts a shear force on the water stream. Droplets are
generated inside an orifice. The dispersed phase is alwaysa"Electronic mail: cheng@chemail.tamu.edu
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surrounded by the continuous phase and thus is less likely to
wet the walls of the channels than the continuous phase. Oil
flow rates are normally higher than water flow rates to create
a reasonable conic water tip. Drop sizes and the patterns of
an assembly of droplets are controlled by the ratio of flow
rates of inner to outer fluids. They are also affected by the
geometry and the size of the channel. Smaller orifices can
generate smaller droplets under identical operating condi-
tions. The frequency of droplet production is on the order of
1 kHz; thus, it was captured using a high-speed charge-
coupled device camera !PHANTOM v4.2, Vision Research,
Wayne, NJ" with frame rates up to 2200 fps. We used a
modified syringe pump !PHD2000, Harvard Apparatus, Hol-
liston, MA" to generate stable flow at a very low rate, under
10 !l /h, to overcome the fluctuations in the small flow rates
found with the 1.8° stepper motor.22 The stepping motion of
the motor is much smoother using a reducer. A 100.56:1
speed reducer !Berg, East Rockaway, NY" was connected to
the drive screw. While the motor turns 100.56 times, it gen-
erates a turn of the drive screw via the speed reducer. Thus,
the drive screw connected to the syringe pump can develop a
much smoother and uniform flow of the fluid.

After several experiments, the channels were easily
clogged by the debris from the holes punched in the poly-
dimethylsiloxane !PDMS" using modified stunt syringe
needles. To overcome this, we designed filters #Fig. 1!b"$ in
each inlet; they had a smaller width than the channels, pre-
venting debris from entering. Channels were coated by
Aquapel !PPG Industries, Inc., Pittsburgh, PA" to prevent
water droplets from wetting the walls. The coating makes the
surfaces more hydrophobic. The height of the channels was
61.4 !m as measured by a profilometer. The liquid should be
slightly conducting to form a Taylor cone.18 If the liquid has
a high conductivity, it cannot form a Taylor cone because
there would be no potential difference in the liquid.

The source and ground electrodes were inserted into the
PDMS and they contacted the fluid inside the channels; this
generated an electric field between the electrodes. The elec-
tric field depends on the distance !0.3645 mm" between the
electrodes as well as the applied potential difference.

The formation of a Taylor cone is necessary to generate
very fine droplets. When an electric field is applied, the
water-oil interface at the tip is charged and behaves as a
capacitor. As the voltage increases, the charges on the inter-
face increase resulting in a higher attraction downstream.
The tip of the Taylor cone is stretched to a narrow filament
and is broken into tiny droplets due to the Rayleigh
instability.23

Smaller droplet sizes are produced at smaller ratios of
flow rates of dispersed fluid to continuous fluid, at the same
voltage. The smallest droplets, under 1 !m in diameter, were
produced when the tip formed a Taylor cone, as shown in
Fig. 2!a". Low flow-rate ratios, as in case !a", are necessary
to form a Taylor cone. The electric field barely affects the
droplet size at high flow-rate ratios such as in case !e". A jet
is formed at 1200 V and did not generate droplets. Jetting
appears at high voltage and high flow-rate ratios. The tip of
water bridged the ground electrode and no longer generated
droplets. Because of the jetting, we were unable to achieve a
Taylor cone at any voltage.

FIG. 3. !Color online" Drop-size dependence on voltage and flow-rate ratio.
The data for case !a" are fit to power functions. The solid lines are guides to
the eyes.

FIG. 1. Orifice and filter design. !a" Flow focusing geometry. Li=Lo
=100 !m and Ld=150 !m. The orifice size is Lx=Ly =50 !m. !b" Micro-
graph of the filter, located at each inlet to prevent clogging.

FIG. 2. Phase diagram of droplet generation in a dc electric field. Each row
represents different flow-rate ratios of inner and outer fluids !Qi /Qo". The
number at the corner of each micrograph represents the applied voltage.
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Quantitative information from Fig. 2 is extracted by im-
age analysis and plotted in Fig. 3. At a large flow-rate ratio,
the droplet sizes are of the same order as the orifice. Decreas-
ing the flow-rate ratio, the droplet sizes can decrease by half
an order of magnitude due to the flow focusing. Case !a"
shows that a decrease of an additional order of magnitude
can be achieved using an electric field. Electrospray with a
Taylor cone was observed for case !a" above 1500 V. Drop
size was related to applied voltages as d%V−0.2±0.1 at low
voltage when flow focusing dominates and as d%V−3.6±0.1 at
high voltages when the electric field dominates. The cross-
over voltage for case !a" is 1000 V !the corresponding field
strength is about 2 V/!m". The observed dependence of size
on voltage is consistent with theory.24 While the electric field
is applied, the droplets are deformed, becoming stretched in
the direction of the electric field; enhanced coalescence was
then observed.

At low water flow rate, the Taylor cone remained only
for about a minute with a dc field because of variations in the
flow rate from the syringe pump. To obtain a more stable
emulsification mode at high voltage, we used an ac field. A
rectangular waveform was using a function generator
!DS345, Stanford Research Systems, Sunnyvale, CA". Drop-
size distributions at the ramps #Fig. 4!a", ¬, and ®$ were
wide. When the applied voltage reached the peak #Fig. 4!b",
−$, it generated tiny droplets until the voltage-decreasing
ramp was reached. The drops from the Taylor cone at
2000 V are periodic with the waveform. A means to separate
the drops would be required to collect them.

In conclusion, we have demonstrated the integration of
an electric field with a flow-focusing geometry using a mi-
crofluidic device. The size of the emulsion droplet produced
was controlled by the electric field in microchannels. At low
voltage and low flow-rate ratio, the size is determined solely
by hydrodynamic-flow focusing. The electric field can pre-

cisely control the droplet size only at small flow-rate ratios
with a low flow rate of the dispersed phase. The droplet size
produced by the Taylor cone is less than 1 !m. In the elec-
trospray regime where the electric field is larger than the
formation threshold for a Taylor cone, the flow rate of the
dispersed phase must be very small to avoid coalescence of
the droplets in the channel. We also used an ac field to dem-
onstrate the periodic formation of a Taylor cone.
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FIG. 4. Periodic formation of a Taylor cone under an ac electric field. !a"
Micrograph showing drop formation at the ramp and peak of a rectangular
waveform. !b" Rectangular waveform. Flow-rate ratio !Qi /Qo", 5 /350 and
voltage, 2000 V.
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