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Inducing AC-electroosmotic flow using electric
field manipulation with insulators†

C. Tiflidis,‡ab Eiko Y. Westerbeek,‡ab Koen F. A. Jorissen,b Wouter Olthuis, b

Jan C. T. Eijkelb and Wim De Malsche *a

Classically, the configuration of electrodes (conductors) is used as a means to determine AC-

electroosmotic flow patterns. In this paper, we use the configuration of insulator materials to achieve AC-

electroosmotic flow patterning in a novel approach. We apply AC electric fields between parallel electrodes

situated on the top and bottom of a microfluidic channel and separated by an insulating material. Channels

of various cross-sectional shapes (e.g. rectangular and parallelogram) were fabricated by shaping the

insulating material between the electrodes. We found that vortex flow patterns are induced depending on

the cross-sectional shape of the channel. A bell-shaped design with non-orthogonal corners gave rise to 2

vortices, whereas in a channel with a parallelogram shaped cross-section, only a single vortex was

observed. The vortices were experimentally observed by analysing the 3D trajectories of fluorescent

microparticles. From a theoretical analysis, we conclude that flow shaping is primarily caused by shaping

the electrical field lines in the channel.

Introduction

Since Péclet numbers are generally low in microfluidic flow
systems, lateral convection can be induced to enhance mass
transport. This could be beneficial to e.g. homogenizing linear
coflows,1–4 enhancing surface reactions in microreactors5,6 or
reducing dispersion in microchannels.7–10 Lateral vortices are
often generated to enhance mass transport for this purpose
of mixing. During the past decades, several methods for the
induction of mixing vortices have been proposed, e.g. passive
mixing,11–13 thermal mixing14,15 and magnetic mixing.10,16–18

Another method to create vortices is by AC-electroosmotic
flow (AC-EOF), which has an advantage of not needing
moving parts or any additives to the mixed solution.

The classical configuration for generating AC-EOF is by
using two adjacent plate electrodes located on a single
surface with a narrow gap in between.19 The electric field
between these two electrodes has a tangential component at
the electrode surface, which causes a Coulomb force on the
ions in the electric double layers. As both the sign of the
charge and the direction of the electric field change at each
half cycle, the Coulomb force maintains its direction, leading

to the generation of a time-averaged unidirectional flow. The
EOF produced in this way is frequency dependent with the
maximum determined by the RC-time of the system, typically
around several kHz.20 Next to the classical coplanar
configurations, other electrode configurations have been
studied.3,8,21,22 A similarity between these studies is that they
use specific electrode (conductor) geometries to change the
shape of the electric field and concomitantly, the
electroosmotic flow.

In the present work, we propose to shape AC-EOF by
shaping insulator materials near the electrodes. Since the
insulators locally shape the electric field, they can create
tangential electric field components in the double layers at
the electrodes. Insulators have been used before in
electrohydrodynamics to shape electric fields to create
(insulator-based) dielectrophoresis.23–25 However, in this
application, the insulator structures are generally located far
from the electrodes so that they do not cause a tangential
component in the electric field at the electrodes and hence
do not generate the AC-EOF. We demonstrate our approach
by using a configuration with two parallel systems, to obtain
more insight into the flow generation mechanism and the
different vortices created.

Theory and numerical simulations

In this section, we first describe how the observed
phenomena are related to the classical AC-EOF theory and
especially how the geometry at the corner between the
insulator and electrode is relevant. Next, we use an electrical
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equivalent circuit model to predict the charging process of
the electrodes. Finally, we use numerical simulations
following the approach of Green et al.28 to simulate the
electrical potential in the system and the induced AC-EOF.

The phenomenon observed in the present work can be
understood by describing the induced electric field in a
geometry with two parallel electrodes, separated by an
insulator that has a gap filled with an electrolyte. When the
electrode polarity changes in AC-EOF systems, both the
electric field and the ionic charge in the diffuse double-layer
change polarity (Fig. 2c and d). The concurrent change causes
a constant direction of the Coulomb force and the
electroosmotic flow. The time-averaged AC-EOF over a full
cycle at the electrode–electrolyte boundary (forming the
boundary condition for the flow in the bulk) was described
by Green et al.:28

ueofh i ¼ 1
2
Re

σtE*t
ηκ

� �
(1)

where η is the viscosity of the solution, κ is the Debye length
of the double layer, σt is the charge in the diffuse part of the
double layer and E*t is the complex conjugate of the electric
field component tangential to the diffuse double layer. Since
the AC-EOF is usually induced at frequencies far below the
charge-relaxation frequency, the electric current in the bulk
electrolyte is considered to result only from conduction. At
these frequencies, the spacer between the electrode
conductors can be considered as an insulator, with the
electric field oriented parallel to the spacer–electrolyte
interface. When the spacer–electrolyte interface is
perpendicular to the electrode, there is no tangential
component of the electric field to the electrode
(Fig. 2a and b). In all other cases, the electrical field near the
wall follows the wall slope, resulting in an electrical field
component (Et) parallel to the electrode surface in the corner
area. As a result, an electrical force is exerted on the mobile
counterions in the electrode double layer creating an EOF
parallel to the electrode (Fig. 2c–f). The direction of Et, and
therefore the direction of the EOF, can be manipulated by
the corner angle, resulting in a flow at the electrode surface
that is directed away from the corner (obtuse angle) or
towards the corner (acute angle).

We created an equivalent circuit model to describe the
charging process of the electrodes, details of which can be

found in the ESI† (S1). The simplified model in Fig. 2g
provides a basic understanding of the influence of the corner
shape on the electric field and the charging process of the
double layers. The equivalent circuit model consists of two
parallel RC-networks connected to a potential source, where
the resistors represent the resistance of the bulk electrolyte
and the capacitors as the double layer capacitance. The left
branch models the charging close to the corner and the right
branch models the charging far from the corner. Fig. 2h
displays that the capacitors C1 and C2 charge at a different
rate and to a different charge density when a voltage is
applied as a step function. The time is made dimensionless
by t* = t/RCpar, where RCpar is the RC-time of the right
branch. The charge density is made dimensionless as σ* = σ/
(σC3,t→∞ + σC4,t→∞), where σCn,t→∞ is the charge density in the
capacitor for t → ∞, with subscript n referring to Fig. 2g.
Since the charge in the obtuse corner is higher than that in
the acute corner, we expect the AC-EOF also to be higher at
the obtuse corner.

Numerical model

We also developed a numerical model of the system, adapted
from Green et al.28 (ESI,† S2). The Laplace equation was
solved to obtain the real and imaginary potential distribution
in the channel. Next, this information can be used to
calculate the AC-EOF slip velocity at the electrodes.

As described in the previous sections, the flow direction in
every corner depends on whether the corner angle is acute or
obtuse. By this rule, specific flow configurations can be
designed. When the flow vectors near the wall are organized
sequentially as in a parallelogram, creating a loop
configuration, it can be expected that a single vortex will be
formed (Fig. 3a). When flow vectors face one another as in a
trapezium (the top surface in Fig. 3b and d), two vortices are
expected. In the design displayed in Fig. 3c, two opposing
flow vectors meet one another halfway the channel height, as
well as halfway the width, resulting in 2 × 2 vortices. The
results from the numerical simulations shown in Fig. 3e for a
parallelogram confirm the flow patterns in Fig. 3a. The
numerical simulations of the other cross-sectional shapes are
displayed in the ESI† (S3).

In the numerical simulations presented in Fig. 3e, it can
be observed that the AC-EOF generated at the electrode gives
rise to a secondary pressure-driven flow in the system. Since
the AC-EOF is modelled as a slip flow, the flow in the corner
can be predicted using the analytical solution from Taylor's
paint scraper problem for the flow in a corner between a
plane with a slip velocity and a second, inclined plane under
an angle, solved in 1958.29 For low Reynolds numbers, an
analytical expression for the radial and angular fluid
velocities is then obtained, and a comparison with our
numerical simulations can be found in the ESI† (S4). In the
paint-scraper solution, the maximum flow velocity relative to
the slip flow hardly changes for different angles. The strong
dependence on the corner angle observed in the simulations

Fig. 1 Schematic of the microdevice consisting of two transparent
ITO electrodes separated by an insulator defining a microchannel,
filled with an electrolyte. Due to the non-orthogonal corners of the
microchannel, the AC-EOF is induced when applying an AC-voltage.
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Fig. 2 a) and b) Schematic surface charge and electric field distribution for electrodes with opposite polarities when a perpendicular spacer wall is
present; c) and e) the AC-EOF direction for opposite polarities when the spacer is oriented at an acute angle with the electrodes; d) and f) the
same when the angle is obtuse. Fy is the Coulomb force exerted on the ions in the electrode/electrolyte double layer, which keeps its direction
even when the polarity changes, and causes a time-averaged EOF. Fw is the Coulomb force exerted on the ions at the dielectric/electrolyte
interface, which has a net-zero average as the dielectric material remains negatively charged; g) Equivalent circuit. The total sum of the series of
resistors is represented as Rcor. h) Dimensionless charge density on C1 (bottom electrode, dotted line) and C2 (top electrode, continuous line)
versus dimensionless time for different lengths L, when applying a step-voltage on the network as displayed in Fig. 2g. L → ∞ (black), L = h (red), L
= 0.1h (blue), and L = 0.01h (magenta), where h is the distance between plates.
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of our system must therefore be resulting from the electrical
properties of the system and not from its hydrodynamics.

Materials and methods

Transparent microfluidic chips were produced with indium
tin oxide (ITO) electrodes as the top and bottom of the
channel. Two different channel shapes were fabricated, a
parallelogram and a rectangular shape with non-orthogonal
corners. (Fig. 4 and S5†).

Materials

4 inch fused silica wafers (525 μm thick, double-side polished,
PlanOptik AG, Germany) were used as support for the channels.
The various channel shapes were patterned in 2 different types
of negative epoxy photoresists: epoxy foil (NC-S0075A-F, Tokyo
Ohka Kogyo Co) and liquid SU-8 (25, MicroChem, USA). A
patterned plastic foil was used for powder-blasting (Harke i-HE
foil 100 μm, Harke Group, Germany) access holes. For 2D
particle flow visualization, 0.5 μm polystyrene particles with
PVA-coating (ζ-potential −22 mV) were used. Additionally, 0.5
μm and 1.36 μm diameter melamine resin particles with Tween
20 coating (ζ-potential −4.7 mV) from Microparticles GmbH
were used for 3D particle tracking. All particle solutions were
0.0025% w/v suspensions in KNO3 solution (0.1 mM, pH 6.2, 1
mS m−1). All aqueous solutions were prepared with deionized
water (resistance = 18.2 MΩ cm).

Fabrication of microfluidic devices

Conducting and transparent ITO layers (70 nm) were sputter-
deposited on fused silica wafers using an in-house built
sputtering instrument (Nanolab Cleanroom, University of
Twente). After sputtering, the ITO electrodes were annealed at
400 °C for 30 min to increase the conductivity. A microchannel
structure (40 μm wide, 20 μm high) was developed either in the
NC-epoxy foil of 20 μm thickness (a structure with non-
orthogonal corners) or by using liquid SU-8 (a parallelogram-
shaped channel). For the parallelogram shape, inclined
exposure was performed, with the wafer attached to the mask
using glycerol as an adhesive layer. Inlets and outlets were
made in the glass wafers by powder-blasting.

Device characterization

The microfluidic device with a parallelogram cross-sectional
shape, manufactured in the liquid SU-8 photoresist, was
characterized by SEM imaging after the development of the
SU-8 (see Fig. 4). A parallelogram shape was obtained, with
an acute corner of 77° and an obtuse corner of 103°.

In Fig. S4,† the result of the manufacturing procedure
using epoxy foil and ITO/glass wafers is depicted. The epoxy
foil was selected for this fabrication process for its low
autofluorescence, to avoid interference with the particle
tracking experiments. On the bottom side of the epoxy foil
side walls, foil delamination is observed at the epoxy foil–ITO/
glass interface. At the highest magnification of that interface,
“root-like” extensions can be seen from the epoxy foil resin,
possibly due to thermal stress on the foil during the post
exposure baking process. The top sides of the walls are also
slightly deformed to the opposite curved direction compared
to the bottom side grooves, which we ascribe to the high
applied pressing force of 2500 N during the bonding process.

Flow characterization

For the particle flow visualization, a Leica DMI5000M
microscope at 40× magnification with a CoolLed PE-300 Ultra

Fig. 3 Several channel shapes and the EOF direction at each corner
based on the model shown in Fig. 1. a) Parallelogram, b) trapezium, c)
hourglass, and d) imperfect trapezium. e) 2-Dimensional COMSOL
simulations of the AC-EOF for the parallelogram-shaped cross section
applying an AC potential with an amplitude of 1 V peak–peak at a
frequency of 1 kHz. Colours display the flow speed and vectors display
the flow direction.

Fig. 4 Cross sectional SEM images of the parallelogram shaped device.
The image displays the device before bonding the top electrode.
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light source was used, equipped with either a filter for fluo-
green (480 nm excitation/520 nm emission wavelength for
the 0.5 μm polystyrene particles) or a filter for fluo-red (636
nm excitation/686 nm emission wavelength for the 1.36 μm
fluorescent melamine resin microparticles), and a
Hamamatsu digital camera was used for the data recording.
The frame rate of the recordings was 20 fps for the
experiments with polystyrene particles and 50 fps for
melamine resin particles. For AC-actuation, the microfluidic
device was placed in a chip holder and the two ITO electrodes
were connected with pins to soldered wires from the chip
holder to a function generator (Agilent 33220A).

Liquid flow for the parallelogram-shaped channel was
visualized in 3D using general defocusing particle tracking
(GDPT)30 of the 1.36 μm melamine resin particles. In GDPT,
first calibration is performed by imaging an immobilized
particle in focus, and at known distances from the focus
point. The resulting sequence of images is used as a
calibration series to image particles in flow. Through the
defocused image of these particles in flow and image
correlation with the calibration series, the distance of the
particles from the focal point, and hence the height of the
particles in flow, is determined. This technique allows for a
particle tracking height range of up to 25 μm, which is
sufficient for the studied channel (20 μm height). Data
analysis was done using ImageJ, Origin (Origin 2019B) and

Matlab (Matlab R2019B). Liquid flow for the rectangular-
shaped channel with non-orthogonal corners was visualized
through analysing consecutive images taken at 20 FPS of the
movement of the 0.5 μm polystyrene particles.

Results and discussion
Flow visualization

In Fig. 5a, a superposition of the top-view microscopic
images of the movement of a single 1.36 μm diameter
melamine resin particle inside the parallelogram shaped
microfluidic device with an applied AC-potential of 1 Vpp and
a frequency of 1 kHz is displayed. The particle also moves in
the x-direction due to an axial flow. Since the flow velocities
are low (Re ≪ 1), the flow inside the channel is in the Stokes
regime. In the Stokes flow, the superposition principle
applies, in which flows in different directions are considered
to be mutually independent of one other. The axial flow
therefore does not influence the induced lateral flow. In this
figure, particles are in focus when at the bottom of the
channel, and out of focus when at the top of the channel. At
the bottom electrode, the obtuse corner is located at channel
wall α and the acute corner is located at the channel wall β.

At the bottom electrode, the fact that the acute corner is
located at the lower part of the figure can also explain the
abrupt change in the y-direction observed in the lower part of

Fig. 5 a: Superposition of 123 tracking images of a melamine resin particle (1.36 μm) in the parallelogram-shaped channel (1 Vpp applied potential
at 1 kHz frequency). b) Particle tracking of the particle displayed in Fig. 5a. c) Particle velocity in the y-direction over time. The experiment was
performed in the presence of an axial flow, causing the displacement in the x-direction. The orientations of the walls in a) and b) are labelled
letters α and β.
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the figure, compared to the gradual change in the y-direction
observed at the top of the figure.

In Fig. 5b, the trajectory of this single 1.36 μm diameter
melamine resin particle in the z,y-plane is shown as derived by
GDPT. In accordance with the conclusions shown in Fig. 3, the
particle is found to follow a counter-clockwise vortex-like
trajectory, completing two full rotations during the observation
time. In the lower corners, the particle location was predicted
by the algorithm to be below the channel bottom, due to
aberrations caused by the parallelogram shape of the
channel. These points were removed from the track, making it
locally discontinuous. Fig. 3c displays the velocity of the
particle in the y-direction. The asymmetry in the trajectory
which could be observed in Fig. 5a is also seen in the velocity,
as the speed of the particle close to the bottom electrode is
higher than that close to the top electrode. We can also again
observe that the particle changes its velocity, which is faster at
the acute corner (1.1 s) than that at the obtuse corner (0.8 s), a
fact also expected from the simulation as shown in Fig. 3e.
Fig. 5a and b display a slight asymmetry in the particle
trajectory in the x,y-plane, and the difference can be explained
by the fact that the angles that the channel walls make with the
SU-8 differ at the top and bottom due to the fabrication process
of the chip. We should emphasize that electrokinetic effects
like dielectrophoresis or EHD could also influence the path of
the particles, especially when in proximity of the electrodes.
The lateral speed of the particle is similar to what would be
expected based on the numerical simulations and observations
in AC-EOF experiments with similar voltages.31 Sometimes,
(irreversible) adsorption of particles was observed. This
irreversible adsorption has been described in earlier work
studying dielectric particles in the vicinity of AC-actuated
electrodes.26,27,32 The use of smaller particles to avoid these
electrokinetic effects was not possible when using the GDPT
technique, since the fluorescence signal became too low.

The flow was also visualized in the second cross-sectional
shape (with the SEM images in the ESI† (Fig. S4)), using a
different manufacturing method. In this channel, because of
the acute angles at the bottom and the obtuse angles at the
top, two adjacent vortices are generated. In this case, the
induced flow was characterized using fluorescent polystyrene
microbeads of 0.5 μm diameter. In this case, smaller
diameter particles were used to visualize the flow because the
larger particles used for the flow visualization in the
parallelogram shaped channel suffered too much from
adsorption at the electrodes. Fig. 6 shows the superposition
of the video images of this experiment. Two vortices can be
observed and meet in the middle of the channel.

The classical approach of inducing AC-EOF is by using
patterned electrodes instead of a patterned dielectric
substrate as displayed in this work. Devices using the classical
approach are usually easier to microfabricate. However, the
approach demonstrated in this work offers more possibilities
to achieve different vortex configurations. Inducing a single
vortex as demonstrated here is, for example, not possible by
using the classic co-planar configuration. Furthermore,

shaping AC-electroosmosis-by-dielectric could be combined
with other electrokinetic effects in which electric field
manipulation is relevant such as dielectrophoresis.

Conclusions & outlook

We experimentally showed that it is possible to shape the AC-
electroosmotic flow pattern in microfluidic channels with two
opposing electrodes by the cross-sectional shape of the channel.
The AC-EOF profile takes the shape of one or more vortices,
depending on the shape of the channel corners. Both
simulations and experiments demonstrate that acute corners
cause a flow towards the corners and obtuse angles cause a flow
away from the corners. Experiments in two different channel
shapes show the creation of a single-vortex and a two-vortex
system. This newly developed methodology allows for enhancing
(lateral) mass transport in flow devices, which can pave the way
for better performing microreactors or analytical (e.g.
chromatographic) devices. Control of vortex configurations is also
of interest to induce phenomena related to vortex flows, paving
the way for novel particle separation33 or manipulation methods.
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Fig. 6 Superposition of 2041 images of polystyrene particles (0.5 μm)
in the rectangular channel with non-orthogonal corners (1 Vpp applied
potential and 1 kHz frequency). The experiment was performed in the
absence of an axial flow, in contrast to the experiment shown in Fig. 5.
Dotted arrows display the flow direction at the bottom electrode and
full arrows display the flow direction at the top electrode.
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