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Abstract: In this work, we focus on investigating electrothermal flow in rotating electric fields
(ROT-ETF), with primary attention paid to the horizontal traveling-wave electrothermal (TWET)
vortex induced at the center of the electric field. The frequency-dependent flow profiles in
the microdevice are analyzed using different heat transfer models. Accordingly, we address in
particular the importance of electrode cooling in ROT-ETF as metal electrodes of high thermal
conductivity, while substrate material of low heat dissipation capability is employed to develop
such microfluidic chips. Under this circumstance, cooling of electrode array due to external natural
convection on millimeter-scale electrode pads for external wire connection occurs and makes the
internal temperature maxima shift from the electrode plane to a bit of distance right above the
cross-shaped interelectrode gaps, giving rise to reversal of flow rotation from a typical repulsion-type
to attraction-type induction vortex, which is in good accordance with our experimental observations
of co-field TWET streaming at frequencies in the order of reciprocal charge relaxation time of the bulk
fluid. These results point out a way to make a correct interpretation of out-of-phase electrothermal
streaming behavior, which holds great potential for handing high-conductivity analytes in modern
microfluidic systems.
Keywords: electrothermal flow; rotating electric field; out-of-phase smeared structural polarization;
electrode cooling; external natural convection; co-field flow rotation

1. Introduction
The rapid advance of lab-on-chip technology requires the exploitation of new approaches capable
of achieving precise fluid actuation and manipulation at the micrometer scale [1–4]. Incorporation
of microelectrode structure into confined microfluidic channels stands for an opportunity to exert
ponderomotive electrokinetic force either on the suspension medium itself or colloidal particles
monodispersed within [5–8]. Research of electrohydrodynamics (EHD) has captured more attention
from the microfluidic community than ever before [9–15].
In continuous-phase microfluidics, there exist mainly two categories of EHD flow: electroosmosis
(EO) [16,17] and electrothermal (ET) [18,19]. As for EO, both linear and nonlinear electroosmosis
are originated by diffuse charge dynamics adjacent to an electrical double layer (EDL) of nanometer
thickness at a solid/electrolyte interface [20,21]. The specific difference between the two electroosmotic
techniques comes from the origin of surface charge density on the sharp material interface:
direct current (DC) electroosmosis is due to native surface free charge chemically adsorbed on
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insulating channel sidewalls [22]. However, induced-charge electrokinetics is related to the polarized
bound charge at the outer surface of Stern layer induced around polarizable dielectric materials in
a background electric field [23,24]. The action of a tangential field component on the free charge
within the diffuse screening cloud gives rise to electroosmotic slip flow that is full-developed right
outside the Debye layer, and nonlinear electroosmosis can even survive in a low-frequency alternating
current (AC) electric field due to the field-induced nature of its EDL charge [25]. For electroosmotic
devices of both subtypes, however, since the active driven forces merely exist within EDL of nanometer
distances from the charged boundary and not throughout the entire volume of micrometer-thick fluid
layer, undesired backflow is very likely to take place at slightly larger distances from the charged
channel sidewalls [26].
Unlike EO that moves directly on charged surfaces, induction EHD stems from smeared structural
polarizations of inhomogeneous liquid medium [27]. Specifically, gradients of solution electric
properties are usually induced by non-uniform heating of fluid medium due to either internal
Joule heating [28,29] or external heat source from artificial thermal elements [30–33]. Interaction
of such heating-induced dielectric gradients with an applied electric field effectively produces a
kind of dielectrophoretic (DEP) force exerting directly on the fluid bulk. In light of this, induction
EHD is commonly referred to as AC electrothermal flow (ACET) [34]. There are manly two
practical prototypes for actively driving ACET fluid motion, including standing-wave electrothermal
(SWET) and traveling-wave electrothermal (TWET) [35]. SWET fluid motion is due to in-phase bulk
polarization in a stand-wave electric field without change in phases, which can be produced over
microelectrode arrays with neighboring electrodes oppositely polarized, and SWET often behaves as
multiple vortex flow pairs on electrode surfaces [36,37]. On another hand, TWET streaming is due to
out-of-phase bulk polarization in a traveling-wave (TW) electric field with spatial phase variations,
which can be generated over interdigitated multi-phase metal-strip electrode array with continuous
phase transition along the consecutively distributed microelectrodes, and TWET usually behaves as
horizontal streaming flow parallel to the signal-phase propagation [38]. Since there is as least one
electrode intrusion between oppositely polarized electrodes in a typical four-phase induction device,
SWET and TWET cannot coexist in those traditional configurations with linearized electrode arrays,
which intrinsically restrains the rich diversity of ACET flow obtainable in microfluidic systems.
To handle this issue, we developed a device geometry with four-phase polynomial electrode array
configured in a circulating style in this work (Figure 1). TW field over such a circulating array is not
traveling in a linear route but rotates along a circular trajectory in synchronous with the field frequency,
so we call this form of wave propagation as a rotating electric field because of its circularly polarized
feature [39,40]. Different from the conventional linear TW array, electrodes of opposite phases are
positioned right against one another with quite small space intervals in this circulating electrode design,
so both SWET and TWET appear and actively compete against one another within a broad frequency
range, which brings additional richness to existing ACET techniques [41]. Consequently, it would
be of particular interest and great benefit to study the behavior of electrothermal flow in rotating
electric fields (ROT-ETF) where both in-phase and out-of-phase polarizations occur and vary as a
function of applied field frequency. First and foremost, we experimentally observed the performance of
driving ROT-ETF in our device and discovered that the central out-of-phase TWET whirlpool above the
cross-shaped interelectrode gaps rotates in the direction of signal-phase propagation, which violates the
actuation of anti-field induction EHD on a glass base predicted by previous researchers [42]. Specifically,
multiple SWET vortex flow pairs are induced in perpendicular orientation to the electrode plane within
low frequency ranges, while merely one dominating horizontal co-field TWET whirlpool is captured
above the glass base at field frequencies on the order of the reciprocal Debye relaxation time of the
bulk fluid. In addition, the rotating flow profile becomes more circular and less helically cascading
with further increase in field frequency. Subsequently, according to preliminary mathematical analysis,
we developed different heat transfer models to present a reasonable explanation of this attraction-type
induction vortex. Surprisingly, this peculiar flow reversal phenomenon is originated by external
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natural convection on millimeter-scale highly-conductive electrode pads that substantially gives rise
to an electrode cooling effect, which simultaneously makes the rotating flow velocity measured by
experiments much closer to theoretical prediction compared to the traditional non-cooling model.
These unique characterizations of our electrothermal microdevice, including both the rotation and
pump motions of microfluidics under the effect of electrode cooling, ingeniously provide new insights
into tackling major issues that involve on-chip operations at low temperatures, such as conducting
chemical reaction [43], drug delivery [44] and cell culture [45] in the context of high-conductivity buffer
solutions for modern micro total analytical systems.
2. Materials and Methods
2.1. Basic Design of the Circulating Electrode Structure
Complicated multilayer fabrication procedure has to be implemented for manufacturing a
metal-strip TW electrode array [46]. To evade complex interconnections, we make use of a coplanar
polynomial-shaped electrode design to produce a traveling potential wave circulating above the
channel bottom surface (Figure 1). By applying 90◦ -phase-shifted sinusoidal voltage signals to the
typical four-electrode configuration with increasing phase in the clockwise direction, a TW electric field
is produced above the gaps and propagates anticlockwise in the direction of decreasing field phase.
The transient potential imposed on the sequential electrodes is V 1 = A cos(ωt), V 2 = A cos(ωt + 90◦ ),
V 3 = A cos(ωt + 180◦ ), and V 4 = A cos(ωt + 270◦ ), respectively. Here, A is the voltage amplitude,
ω is the angular field frequency of the applied voltage wave (Table 1). On this basis, electric field
vector at the center of circulating electrode array is approximately of the following form:


E = E0 Re ex − jey e jωt
= E0 cos(ωt)ex + E0 sin(ωt)ey

(1)

Such an electric field of constant magnitude E0 ≈ 2A/d revolves with a circular trajectory in the
direction of the signal-phase propagation, and is referred to as a “rotating electric field”. Here, d = 50 µm
denotes the nearest distance between opposing electrodes of 180◦ difference in voltage phase.
Table 1. Nomenclature of mathematical symbols invoked in this study.
Symbol

Implication

Value or Unit

φ
E
T
p
u
ρf
ρb
fET
∆T
ε
σ
f c1
τ
f c2
f
ω
d
A
E0
T0

Electrostatic potential field
Electric field vector
Temperature field
Hydrostatic pressure field
Flow velocity vector
Volumetric free charge distribution
Volumetric bound charge distribution
Electrothermal body force
Temperature elevation within the bulk fluid
Liquid permittivity
Electrolyte conductivity
Charge relaxation frequency
Charge relaxation time
Characteristic crossover frequency of SWET
Field frequency
Angular field frequency
Nearest distance between oppositely polarized electrodes
AC voltage amplitude
Electric field magnitude
Temperature of reference
Thermal conductivity of water
Thermal conductivity of PDMS lid
Thermal conductivity of glass substrate
Thermal conductivity of silicon material
Thermal conductivity of gold electrodes
Dynamic viscosity of water
Thickness of the fluid layer
Thickness of glass substrate
Thickness of PDMS lid

[V]
[V/m]
[K]
[Pa]
[m/s]
[C/m3 ]
[C/m3 ]
[N/m3 ]
[K]
7.08 × 10−10 [F/m]
0.05 [S/m]
σ/2πε = 11 [MHz]
−8
√ε/σ = 1.42 × 10 [s]
5σ/2πε = 24.6 [MHz]
1~35 [MHz]
2πf
50 [µm]
[V]
2A/d
293.15 [K]
0.6 [W·m−1 ·K−1 ]
0.2 [W·m−1 ·K−1 ]
1 [W·m−1 ·K−1 ]
140 [W·m−1 ·K−1 ]
340 [W·m−1 ·K−1 ]
0.001 [Pa·s]
500 [µm]
500 [µm]
100 [µm]

kwater
kPDMS
kglass
kSi
kAu
η
H
HSub
HLid

kSi
Thermal conductivity of silicon material
kAu
Thermal conductivity of gold electrodes
η
Dynamic viscosity of water
H
Thickness of the fluid layer
HSub
Thickness of glass substrate
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140 [W·m−1·K−1]
340 [W·m−1·K−1]
0.001 [Pa·s]
500 [μm]
500 [μm]
100 [μm]
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Figure 1. Experimental setup of the microfluidic chip for studying the behavior of electrothermal flow
Figure 1. Experimental setup of the microfluidic chip for studying the behavior of electrothermal flow
in a rotating electric field (ROT-ETF). (a) An optical micrograph of the four-phase polynomial
in a rotating electric field (ROT-ETF). (a) An optical micrograph of the four-phase polynomial electrode
electrode configuration employed in this work; (b) A picture of the experimental microfluidic device
configuration employed in this work; (b) A picture of the experimental microfluidic device where Plant
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System
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2.2. Chip Fabrication
2.2. Chip Fabrication
We fabricate the 4-quadrant electrode array for studying ROT-ETF by standard microelectronic
We fabricate the 4-quadrant electrode array for studying ROT-ETF by standard microelectronic
technique. After finishing the design of photo mask, EPG533 photoresist layer (Everlight Chemical
technique. After finishing the design of photo mask, EPG533 photoresist layer (Everlight Chemical
Industrial Corporation, Taiwan) is spin-coated on a glass slide, which then experiences Ultraviolet
Industrial Corporation, Taiwan) is spin-coated on a glass slide, which then experiences Ultraviolet
(UV) light exposure, development and post-baking in sequence. Subsequently, a 10 nm-thick Cr layer
(UV) light exposure, development and post-baking in sequence. Subsequently, a 10 nm-thick Cr
and 100 nm-thick Au layer are magnetically sputtered onto the photoresist pattern one by one. A liftlayer and 100 nm-thick Au layer are magnetically sputtered onto the photoresist pattern one by one.
A lift-off process is carried out to obtain the final pattern of metal electrode layer on the glass substrate.
At the same time, a Plant Design Management System (PDMS) microchamber is fabricated using
standard soft lithography technique, and assembled onto the glass base with polynomial electrode
patterns by plasma bonding, eventually giving rise to the microfluidic chip employed in current work,
as shown in Figure 1.
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2.4. Flow Components of Electrothermal Streaming in Rotating Electric
Electric Fields
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(2)

SWET component due to in-phase induced polarization
Since electrodes with 180◦ phase difference are placed opposite to one another in the four-phase
polynomial electrode configuration, potent SWET flow component behaving as multiple vortex pairs in
perpendicular orientation to the electrode plane can be produced by the in-phase component of applied
voltage wave. The vertical SWET streaming possesses a low-frequency conductivity plateau where
motion of free charge dominates, as well as a high-frequency permittivity plateau where dielectric
polarization plays an important role. Since the Coulomb force and dielectric force counterbalance
one other, SWET vortex
q pairs across the thickness of fluid layer vanish at a characteristic crossover
−β

√

5σ
σ
frequency f c2 = 2πε
α = 2πε [41]. Because flow field of SWET in DC limit is much stronger
than that at high field frequencies, the horizontal √TWET rotating whirlpool appears to dominate

5σ
over the vertical SWET vortex pairs at f > f c2 = 2πε
. In addition, within low-frequency ranges
f < f c1 , fluid motion of TWET whirlpool diminishes, while that of vertical SWET streaming enhances,
which would exert a negative impact on the rotating flow pattern of out-of-phase induction vortex.
Specifically, the horizontal TWET whirlpool shrinks in size, and exhibits more helical flow streamlines
cascading downward at lower field frequencies.

2.5. Computational Model
Two different heat transfer models are developed herein to reconstruct the heat transfer process
across the gold microelectrode arrays for dealing with distinct experimental conditions:
(1)

None-cooling condition
Since thickness of the electrode layer is extremely thin (~100 nm) compared to other geometric
dimensions in the experimental chip, the electrodes are treated as transparent media for heat transfer.
That is, both temperature and normal heat flux are continuous across the electrolyte/substrate interface,
as if the circulating electrode array does not exist at all.

(2)

Cooling condition
The electrodes are made of gold material in our device, which is of thermal conductivity
kAu = 340 W·m−1 ·k−1 , considerably higher than that of water solution kwater = 0.6 W·m−1 ·k−1
and glass substrate kglass = 1 W·m−1 ·k−1 , so that the electrode structures can be treated as ideal
thermal conductors which are effectively isothermal bodies. Then, for inputting voltage signals
from function generator to the microelectrode arrays, external wire connection has to be achieved by
fabricating large-scale electrode pads of millimeter dimension, as shown in Figure 1a,b. In similar
device configurations, heat exchange between metal electrode bars and ambient environment has
a propensity to occur due to external natural convection. Since gold electrodes are good thermal
conductors, they can transfer cooling energy from ambient environment to the device internal,
which would make the electrode bars not only an isothermal body but also fixed at the referential
temperature T0 = 293.15 K of atmospheric condition for a sufficiently large heat transfer coefficient.
That is, because gold microelectrodes of excellent heat dissipation capability are connected to external
wires by large-scale metal pads, electrode cooling due to external natural convection ought to be
taken into consideration and modeled by setting the electrode surface at the ambient temperature
Telectrode = T0 = 293.15 K in the simulation analysis.
A commercial FEM software, Comsol Multiphysics 5.2 (COMSOL, Stockholm, Sweden), is used to
solve the mathematical boundary-value problem for theoretically obtaining the electrothermal flow
field, and detailed governing equations and boundary conditions have been presented in our previous
work [34]. For the circulating electrode array, shape of the polynomial electrode edge is represented by
the following hyperbolic equation:
(

x = d/2 sec θ
y = d/2 tan θ

−π/2 < θ < π/2

(2)
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Rotating the hyperbolic curve by 45° around the z axis, we obtain the electrode pattern in the
first quadrant.
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to calculate
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field and field
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motion
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while
the energy
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fluid
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(Figure
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temperature
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solved
within the
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(c) Four-quadrant polynomial electrodes
The electrode array is applied with 90°-phase-shifted
90◦ -phase-shifted TW
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thethe
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a strengthened action of vertical SWET streaming. The TWET whirlpool rotates anticlockwise all the
time, in the direction of field propagation (Figure 2e), and can be regarded as a typical attraction-type
induction vortex. On this basis, the electrode plane should have a lower temperature than the medium
bulk. Due to the high thermal conductivity of Si material, a silicon substrate will make the Joule
heating-induced hot spot levitate some distance above the electrode surface, which naturally leads to
the formation of an attraction-type device (Figure 3a in [34]). In current experiment, glass material
of low thermal conductivity kglass = 1 [W·m−1 ·K−1 ] is used to construct the insulating base for
supporting the circulating electrode array. The low heat dissipation capability of glass material
effectively makes the hot spots due to electric heating generation located right on the electrode surface,
namely, the maximum temperature rise takes place right in the electrode plane, thereby actuating
a repulsion-type induction vortex (Figure 3b in [34]). In this sense, preliminary theoretical analysis
goes against the counterclockwise rotating whirlpool captured in our experiment with a high-speed
CCD camera.
3.2. Electrode Cooling Effect on Rotating Direction of Induction Whirlpool
Perch-Nielsen et al. [42] predicted that flow direction of induction pump using a glass substrate is
against the signal-phase propagation. The low thermal conductivity of glass material cannot effectively
remove the internal electric heat generation to the ambient environment, so that the hot spots of the
whole microfluidic system are positioned within the interelectrode gaps right on the channel bottom
surface. According to the canonical classification of induction EHD, repulsion-type out-of-phase
streaming occurs when electrolyte solution at the electrode surface has higher electric conductivities
than other regions within the medium bulk, which is in qualitative agreement with the previous
simulation results on TWET pumping from Perch-Nielsen et al. [42].
In this work, however, experimental observation indicates that the TWET whirlpool rotating
around the central z axis is in the direction of signal-phase propagation. That is, both the rotating
electric field and horizontal electrothermal vortex rotate along the counterclockwise direction, which is
equivalent to an attraction-type induction pump. For this reason, the channel bottom surface on the
glass substrate ought to have a lower temperature than the fluid bulk on top of the electrode array in
this microfluidic device, in order for current fluidic chip to be in good analogy with attraction-type
devices (Figure 3a in [34]). It has been forecasted that induction pumping is in phase with the sinusoidal
voltage wave under the condition with a silicon base, since the high thermal conductivity of silicon
material ksi = 140 [W·m−1 ·k−1 ] is able to remove the internal Joule heating to exterior of the device with
high efficiency. Under such circumstance, the maximum temperature rise takes place in the medium
bulk at some vertical distance above the electrode array rather than right on the channel bottom surface.
Accordingly, electrolyte solution on the electrode surface has a lower conductivity than that at the hot
spots on top of the electrode array, resulting in an attraction-type induction fluidic device.
Although glass substrate is employed in this study, we observed attraction-type out-of-phase
electrothermal streaming, which is identical to the situation using a silicon base. In the simulation
analysis of Perch-Nielsen et al., Fourier heat conduction on the electrode array was ignored, taking
into account a negligibly small thickness (100–200 nm) of the thin electrode layer usually involved in
lab-on-chip [42]. In typical microsystems, highly conductive materials, such as gold, platinum and
so on, are routinely used for depositing microelectrode patterns on insulating substrates, those noble
metals are not only conducting for electric current but possess high thermal conductivities as well,
e.g., that of gold attains as high as kAu = 340 [W·m−1 ·k−1 ].
For inputting voltage signals from function generator to the microelectrode arrays, external
wire connection has to be achieved by fabricating large-scale electrode pads of millimeter dimension,
as shown in Figure 1a,b. In similar device configurations, heat exchange between metal electrode bars
and ambient environment has a propensity to occur due to external natural convection. Since gold
electrodes are good thermal conductors, they can transfer cooling energy from ambient environment
to the device internal, which would make the electrode bars not only an isothermal body but also fixed

Micromachines 2017, 8, 327

10 of 16

at the referential temperature of atmospheric condition for a sufficiently large heat transfer coefficient.
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attraction-type induction device. As a result, the co-field rotating induction whirlpool from calculation
is in qualitative agreement with the anticlockwise electrothermal streaming captured by experimental
observations. Accordingly, though the thickness of gold microelectrode array (~100 nm) is much
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As indicated by Figure 6b, the voltage-dependence of TWET rotation velocity is clearly a nonlinear
function. The fluid motion enhances dramatically for large applied voltages and even exhibits a
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temperature elevation in the bulk fluid (Figure 6c).
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4. Conclusions
In summary, we have experimentally investigated the behavior of ROT-ETF in this work,
as produced from a four-phase circulating electrode array on a glass substrate. It is discovered that the
central out-of-phase TWET whirlpool above the cross-shaped interelectrode gaps rotates in the direction
of signal-phase propagation, which violates the actuation of anti-field induction EHD on a glass base
predicted by previous researchers [42]. Different heat transfer models are thereby developed to find
out the appropriate reasons behind this peculiar flow reversal phenomenon. In fact, from a physical
point of view, the importance of electrode cooling in ROT-ETF due to external natural convection
has to be addressed when metal electrodes of high thermal conductivity and substrate material of
low heat dissipation capability are employed. With an improved heat transfer model incorporating
external natural convection on the millimeter-scale electrode pad patterns, the Joule heating-induced
hot spots shift from the electrode plane to a bit of vertical distance above the channel bottom surface,
resulting in the rectified transition of out-of-phase induction vortex from repulsion-type in the absence
of cooling heat flux to attraction-type with electrode cooling effect. Moreover, flow velocity of the
horizontal TWET whirlpool predicted under the cooling condition further approaches the experimental
measurements because of a lower temperature elevation and hence reduced structural polarization
of the internal bulk medium. Our results indicate that the exchange heat flux between ambient
atmosphere and conductive electrodes is of great importance in adjusting the direction, pattern as
well as velocity of induction EHD flow, providing useful guidelines for electrokinetic manipulation of
micro/nano-particle samples using rotating electric fields in microfluidics.
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