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Joule heating effects on electroosmotic
entry flow

Electroosmotic flow is the transport method of choice in microfluidic devices over tradi-
tional pressure-driven flow. To date, however, studies on electroosmotic flow have been
almost entirely limited to inside microchannels. This work presents the first experimental
study of Joule heating effects on electroosmotic fluid entry from the inlet reservoir (i.e., the
well that supplies fluids and samples) to the microchannel in a polymer-based microfluidic
chip. Electrothermal fluid circulations are observed at the reservoir-microchannel junc-
tion, which grow in size and strength with the increasing alternating current to direct
current voltage ratio. Moreover, a 2D depth-averaged numerical model is developed to
understand the effects of Joule heating on fluid temperature and flow fields in electroki-
netic microfluidic chips. This model overcomes the problems encountered in previous
unrealistic 2D and costly 3D models, and is able to predict the observed electroosmotic
entry flow patterns with a good agreement.
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1 Introduction

Electrokinetics (direct current (DC) [1] and/or alternating cur-
rent (AC) [2, 3]) is an efficient technique to manipulate flu-
ids and samples (e.g., ions, molecules, viruses and cells)
in microfluidic devices [4–7]. It transports fluids by elec-
troosmosis and (charged) samples by electrophoresis through
microchannels. Electroosmotic flow has a nearly plug-like ve-
locity profile and hence produces much smaller sample dis-
persion than the traditional parabolic pressure-driven flow [8].
To date electrokinetic transport phenomena have been in-
vestigated on a variety of microchannel structures including
straight, curved, and network of channels [9–11]. However,
these studies have been almost entirely focused upon the fluid
and sample transport inside the microchannel. Very little at-
tention has been given to the fluid and sample entry from the
inlet reservoir (i.e., the well that supplies liquids and samples)
to the microchannel [12, 13]. At this interface there exists a
significant mismatch in the size of the macroscale reservoir
(typically a few millimeters in diameter and depth) and the
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microscale channel (typically tens of micrometers in width
and depth). Strong electric field gradients are therefore in-
herently induced at the reservoir-microchannel junction [14],
which have been recently demonstrated by our group to focus,
trap, and sort particles via reservoir-based dielectrophoresis
(rDEP) [15, 16] and/or induced charge electroosmosis [17].

Joule heating is an inevitable phenomenon accompany-
ing electrokinetic fluid and sample transport in microflu-
idic devices [18]. It causes temperature rises and gradients
in the fluid, and in turn draws nonuniformities into the
fluid properties (e.g., electric conductivity, dielectric permit-
tivity, and dynamic viscosity) due to their temperature de-
pendences [19, 20]. As such, the favored plug-like velocity
profile of electroosmotic flows can be distorted, which affects
both the accuracy and efficiency of electrokinetic sample ma-
nipulation [21, 22]. These Joule heating effects can become
significant especially when a buffer solution of high electric
conductivity (which is often necessary for biosamples [23])
and/or a polymer-based (e.g. PDMS) microchip of low ther-
mal conductivity is used [24].

Previous studies on Joule heating and its effects on elec-
troosmotic flows have been limited to inside either stand-
alone capillaries or on-chip microchannels [18–22]. In capil-
lary electrophoresis (CE) Joule heating has been long known
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to generate transverse gradients in fluid temperature within
the capillary, which increases the hydrodynamic dispersion of
sample species via nonuniform diffusion and electrophore-
sis [25–27]. Axial temperature gradients can occur in ther-
mostated CE because of the dissimilar heat transfer condi-
tions inside and outside the thermostated cartridge [28]. They
can also occur near the capillary ends due to the liquid cool-
ing effects from the reservoirs [29]. In either circumstance
the axial temperature gradients have been demonstrated to
induce a pressure-driven flow inside the capillary, leading to
a reduced plate height in CE [28–30].

In electrokinetic microfluidic chips, Joule heating ex-
tends from within the fluid to the whole device due to ther-
mal diffusion [31, 32], which significantly complicates the
problem of the coupled fluid and thermal transport [33–35].
Moreover, under appropriate conditions, the action of elec-
tric field on the thermally induced gradients in fluid prop-
erties can generate a pair of counterrotating fluid vortices
inside on-chip microchannels [36]. This so-called electrother-
mal flow [37, 38] was first predicted by Hawkins et al. [39] to
occur near a 2D constriction in channel depth of insulator-
based DEP systems. It was later experimentally verified by
Sridharan et al. [36] using a rectangular microchannel with a
widthwise constriction in the middle. Moreover, a 2D numer-
ical model was developed by Sridharan et al. [36] to simulate
the effects of Joule heating on electroosmotic flows in such a
microfluidic chip. However, an unrealistically large convec-
tive heat transfer coefficient had to be assumed because most
of the heat generated in the fluid was actually rejected along
the depth-wise direction [24]. Hence, a 3D full-scale numer-
ical model was later developed by Kale et al. [40] to capture
the heat dissipation in all directions without any assumption,
which, however, is computationally very expensive.

We present in this work the first experimental study of
electroosmotic fluid entry from reservoir to microchannel in
a PDMS-based microchip. DC-biased AC electric field is em-
ployed to drive the flow considering the increasing use of
this combined electric field in recent applications [14,39–42].
More importantly, we develop a 2D depth-averaged numerical
model to study the effects of Joule heating on electroosmotic
entry flows. This full-scale simulation in the horizontal plane
of the microchip accounts for the influences of the top and
bottom microchannel walls on the heat and fluid transfer
via additional terms in the standard transport equations. It
requires neither the assumption of high convective heat trans-
fer coefficient in a regular 2D model [36] nor the consumption
of expensive computational resource in a 3D model [40].

2 Materials and methods

2.1 Experiment

2.1.1 Microfluidic chip fabrication

Figure 1A shows a top-view picture of the microfluidic chip
used in our experiments, which was fabricated with PDMS
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Figure 1. Top-view picture (A, the channel and reservoirs are
filled with green food dye for clarity) and schematic cross-
sectional view (B, not to scale) of the microfluidic chip used in
experiments. The electrodes were assumed to be right in the cen-
ter of the reservoirs in both experiment and simulation. The block
arrow in (A) shows the direction of electroosmotic fluid flow.

using the standard soft lithography technique. The detailed
fabrication procedure can be referred to our previous pa-
per [43] and is skipped here. The chip has a 2 mm thick
PDMS slab on top and a 1 mm thick glass slide at the bottom
with a 10 �m thin PDMS film sandwiched between. This
three-layer structure is schematically illustrated by the cross-
sectional view in Fig. 1B. At the bottom side of the PDMS
slab is the 25 �m deep microchannel, which is composed of
a long straight section of 400 �m wide in the middle and a
tapered 40 �m wide, 1 mm long constriction at each end.
The total length of the microchannel is 1 cm. At the far end
of each constriction is a 5 mm diameter reservoir for the
fluid and sample supply. The radius of each corner at the in-
let/outlet reservoir-microchannel junctions was measured to
be 30 �m. This same value was used as the corner radius in
the numerical model. It is important to note that the PDMS-
PDMS configuration of the microchannel ensures uniform
and identical surface properties for the walls that surround
the fluid.

2.1.2 Particle solution preparation and experimental

methods

In order to study Joule heating effects on the fluid flow pat-
tern, 520 nm diameter fluorescent polystyrene microspheres
(Bangs Laboratories, Fishers, IN) were used as tracers and
resuspended in 5 mM phosphate buffer solution. DC-biased
AC electric voltages were applied through 0.5 mm diameter
platinum electrodes in the inlet and outlet reservoirs. They
were supplied using a function generator (33220A, Agilent
Technologies, Santa Clara, CA) that was connected with a
high-voltage amplifier (609E-6, Trek, Medina, NY). The AC
voltage frequency was fixed at 1 kHz in experiments. Particle
motion at the inlet/outlet reservoir-microchannel junctions
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was monitored using an inverted microscope imaging system
(Nikon Eclipse TE2000U, Nikon Instruments, Lewisville, TX)
and recorded with a CCD camera (Nikon DS-Qi1Mc) at a rate
of about 15 frames per seconds. The captured digital im-
ages were processed using the Nikon imaging software (NIS-
Elements AR 2.30, Nikon Instruments). Prior to every test, the
liquid heights in the two reservoirs were carefully balanced
to minimize the effects of pressure-driven flow. Also, each
test was run for no more than 1 min to avoid any significant
backflow. It is important to note the temperature field does
not necessarily reach the steady state within this time period
in all tested cases due to the slow thermal diffusion across
the chip [24]. However, the variations in the temperature and
flow fields beyond 1 min have both been demonstrated to be
small in a recent 3D trainset simulation [40].

2.2 Theory

In this section, we first present the 2D depth-averaged gov-
erning equations for the coupled electric charge, energy, and
fluid transport involved in on-chip electroosmotic flows. Next,
the computational domain for the microfluidic chip is de-
scribed along with boundary conditions necessary for solving
the governing equations. Finally, we present the numerical
method with a table of parameters needed for modeling.

3.2.1 Governing equations

3.2.1.1 Electric field

As PDMS can be considered to be electrically insulating, elec-
tric field is confined inside the fluid and governed by the
quasielectrostatic equation [44] as follows:

∇ · (�E + i�D) = 0, (1)

where � is the electric conductivity of the fluid that is de-
pendent on the concentration and mobility of ions dissolved
therein [45], E = −∇� is the electric field with � as the
electric potential, i is the imaginary unit, � = 2� f is
the angular frequency of the applied electric voltage with f
as the normal frequency, and D = εE is the electric field
displacement with ε as the fluid’s electric permittivity. Note
that the convection current has been assumed to be negligible
when compared with the conduction current, �E [44]. We are
using DC-biased AC electric fields with the AC frequency, f
(of 1 KHz), being much less than the charge relaxation fre-
quency, �/2�ε (of MHz order [44]). This results in negligible
effects of frequency on the electric field displacement, and
hence Eq. (1) reduces to

∇ · (�E) = 0. (2)

We follow the same analysis as in our previous papers
[36, 40, 43] to solve only the DC component of electric field,
EDC. The method used to incorporate the AC component
into the energy and flow equations will be discussed later.

A depth-averaged analysis for Eq. (2) was done by the use
of an asymptotic method described in Lin et al. [46] (see
the Supporting Information for the detailed derivation). The
resulting 2D equation for the DC electric field preserves its
original form in 3D and is given by

∇H · (�EDC) = 0, (3)

where ∇H is the gradient along the x and y directions in the
horizontal plain, and EDC = −∇�DC with �DC being the DC
electric potential.

3.2.1.2 Temperature field

The applied electric field across the microchannel induces
Joule heating in the fluid, especially strong inside the two
constriction regions due to the locally amplified electric field.
This heat generated within the fluid is diffused in all direc-
tions through the PDMS and glass substrates in three modes:
(i) conduction from the bottom wall of the channel to the
PDMS film and then the glass substrate (see Fig. 1B); (ii)
conduction from the top and side walls of the channel to the
PDMS slab, which is then removed by the natural convection
on the top and side surfaces of the PDMS slab; (iii) natural
convection on the top surface of the fluid in each reservoir.
Hence temperature gradients are formed throughout the mi-
crofluidic chip. The steady-state time-averaged temperature
field, T, in the fluid is governed by the energy equation [44]:

�Cp (u · ∇T ) = ∇ · (k∇T ) + �
〈
E 2

〉
, (4)

where � , Cp, and k are the mass density, heat capacity,
and thermal conductivity, respectively, of the fluid, and u
is the fluid velocity. The last term on the right-hand side of
Eq. (4) is the time-averaged heat generation due to Joule heat-
ing (present only inside the fluid) where the contributions
from the flow and concentration induced ion transport have
been neglected [45]. By the use of dimensional analysis, we
find that the thermal Peclet number, Pe = RePr is smaller
than 0.1 because the Reynolds number is Re � 0.01 and the
Prandtl number is Pr � 10 under our experimental condi-
tions [43, 44]. Therefore, the advection term in Eq. (4) can be
dropped out leaving a purely heat conduction equation:

0 = ∇ · (k∇T ) + �E 2
DC

(
1 + r 2

)
, (5)

where the ratio of root mean squared AC field to DC field, r
(equivalent to the ratio of the imposed RMS AC voltage to DC
voltage), is used to account for the effects of both AC and DC
electric fields on Joule heating [36, 39, 40].

An asymptotic analysis of Eq. (5) yields the following 2D
depth-averaged energy equation in the fluid (see the Support-
ing Information for the detailed derivation),

0 = k∇2
HT + �E2

DC

(
1 + r 2

) − T − T∞
dch

(
1

Rus
+ 1

Rls

)
(6a)

Rus = tus,PDMS/kPDMS + 1/h (6b)

Rls = tls,PDMS/kPDMS + tglass/kglass (6c)
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The last term on the right-hand side of Eq. (6a) accounts
for the heat dissipation through the upper and lower sub-
strates to the fluid (see Fig. 1B), where T∞ is the room tem-
perature, dch is the depth of the microchannel, and Rus and
Rls are the equivalent thermal resistances offered by the upper
and lower substrates to the fluid, respectively [47]. In the def-
initions of thermal resistances in Eqs. (6b) and (6c), tus,PDMS

is the thickness of the PDMS slab (see Fig. 1B), kPDMS is the
thermal conductivity of PDMS, h is the natural convection
coefficient, tls,PDMS is the thickness of the PDMS film (see
Fig. 1B), and tglass and kglass are the thickness and thermal
conductivity of glass. Note that natural convection is consid-
ered only for the upper-substrate thermal resistance while an
isothermal condition is used in the lower-substrate thermal
resistance. The latter condition is based on the assumption
that the bottom surface of the glass slide is in perfect con-
tact with the large flat surface of the microscope stage whose
temperature is fixed at the room temperature. This condition
has been demonstrated in several recent numerical studies to
match the experimental results well [24, 47]. It is also impor-
tant to note that the fluid inside the reservoirs experiences a
different upper-substrate thermal resistance, Rus, from that
in Eq. (6b), where the thermal conductivity of PDMS, kPDMS,
should be replaced with the fluid thermal conductivity, k.

3.2.1.3 Flow field

As noted earlier, the Reynolds number is much smaller than
one in our experiments, so the flow field is governed by the
continuity equation and the modified Stokes equations [44],

∇ · u = 0 (7a)

0 = −∇ p + ∇ · (	∇u) + 〈 f e〉 (7b)

where p is the pressure, 	 is the dynamic viscosity of the fluid.
The time-averaged electrothermal body force, 〈fe〉, is equal to
the sum of Coulomb force and dielectric force terms given
by [48],

〈 f e〉 = 〈
�eE − 0.5E 2∇ε

〉
(8)

where �e is the free charge density given by Poisson’s equa-
tion, �e = ∇ · (εE ). A linear asymptotic analysis for Eq. (7a)
and (7b) leads to the following 2D depth-averaged flow equa-
tions (see the Supporting Information for the detailed deriva-
tion),

∇H · u = 0 (9a)

0 = −∇H p + ∇H · (	∇Hu) + f e − 3 (	u + ε
wEDC) /d2
ch (9b)

fe = (
1 + r 2

) [∇H · (εEDC) EDC − 0.5E 2
DC∇Hε

]
(9c)

Note that the effects of AC voltage on the electrothermal
body force has been considered by the use of the AC to DC
field ratio, r, in Eq. (9c) [36, 39–41]. This force is none zero
due to the presence of gradients in fluid properties such as

electric conductivity [through EDC in Eq. (3)] and permittivity,
which are caused by the Joule heating induced temperature
gradients. The last term of Eq. (9b) is the additional body force
that arises due to the depth-averaging with 
w being the wall
zeta potential [46].

As mentioned earlier, the fluid flow field is visualized by
tracking the motion of small fluorescent particles. The trajec-
tories of these tracing particles are simulated by calculating
their velocity, UP, as a vector sum of fluid velocity, u, and
electrophoretic particle velocity, UEP,

UP = u + UEP (10a)

UEP = ε
pEDC/	 (10b)

where 
p is the particle zeta potential. The influence of DEP
on particle velocity has been neglected in Eq. (10a) because
it is found in our simulation to be two orders of magnitude
smaller than the fluid velocity. Other contributions to particle
velocity due to, for example, Brownian, inertial and gravita-
tional motions are also neglected [49].

3.2.2 Computational domain and boundary

conditions

The coupled depth-averaged electric, temperature, and flow
field equations, that is, Eqs. (3), (6a), (9a), and (9b), are solved
simultaneously in the horizontal plain of the microfluidic
chip that cuts the microchannel by half along its depth.
Figure 2 shows the 2D computational domain that covers
only one half of the chip due to symmetry. It has the fluid
and PDMS subdomains where the latter is, however, solved
only for the temperature field. Due to their high thermal and
electric conductivities, platinum electrodes are considered to
remain at constant temperature and electrical potential dur-
ing the experiment and hence simply treated as holes with
appropriate boundary conditions in the 2D simulation. The
four boundaries of the computational domain in Fig. 2 are
the microchannel sidewalls, electrode surfaces, outer walls of
PDMS, and the symmetry line. The boundary conditions re-
quired to solve the coupled equations are summarized below
except for the symmetry ones.

Natural Convection

Channel symmetry Electrode surface

Electroosmotic slip
Electrical insulation PDMS

FluidFluid

Figure 2. Computational domain for the 2D depth-averaged mod-
eling of the electrokinetic microfluidic chip with important bound-
ary conditions being highlighted.
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3.2.2.1 Electric field

Electric potential, �DC = �0
DC , is applied on the inlet elec-

trode surface where �0
DC is the applied DC voltage. On the

other electrode surface �DC = 0 (ground) is applied. Since
the electric field is confined within the fluid subdomain, an
electrically insulating condition, n · (�∇�DC) = 0, is imposed
on all sidewalls of the microchannel where n denotes the unit
normal vector.

3.2.2.2 Temperature field

Due to the electrode’s high thermal conductivity, we assume
there is no temperature drop inside each electrode. Moreover,
as the electrodes are each connected with the power supply
via a large electrical board that remains at the room temper-
ature, an isothermal condition, T = T∞ , is applied on the
electrode surfaces. The condition of temperature continuity is
applied by default in COMSOL at the interface of the fluid and
PDMS subdomains. The outer walls of PDMS are exposed to
atmosphere and hence experience a natural convection.

3.2.2.3 Flow field

On the surface of electrodes, a no-slip condition, u = 0, is
applied because the local electric field is normal to its sur-
face. As pressure driven flow is absent, an equal pressure
needs to be applied to each of the reservoir. In our model, we
choose one point each on the most left and right ends of the
fluid subdomain (that lies on the line of symmetry) and apply
the condition, p = 0. Since the electric double layer is very
small (on the order of few nanometers in our experimental
conditions) compared to the width of the microchannel, fluid
motion can be modeled by using the well-accepted Smolu-
chowski electroosmotic slip velocity [1, 2], u = −ε
wEDC/	,
on the sidewalls of both the microchannel and the reservoirs.

3.2.3 Numerical method and material properties

Commercial finite element software package, COMSOL Mul-
tiphysics 5.1 (Burlington, MA) was used to carry out the nu-
merical simulation. The 2D geometry in Fig. 2 was created
using the “Geometry” feature. The modules of “Electrical cur-
rents,” “Heat transfer in fluids,” “Heat transfer in solids,” and
“Laminar flow” were coupled together to solve the governing
equations, that is, Eqs. (3), (6a), (9a), and (9b). The function
of “Streamline” was used to plot the streaklines of tracing
particles via the velocity in Eq. (10a). In order to avoid singu-
larities, sharp corners were filleted. The domain was meshed
using approximately 120 000 free triangular elements. The
number of elements was varied from 5000 to 120 000 and
we found that the results were grid independent after ap-
proximately 60 000 elements. The constriction region was
meshed extremely fine (with a maximum element size of
2 �m) compared to the mesh size at other regions because of
the occurrence of high electric field, temperature, and fluid
property gradients in the former. The model was solved us-
ing a nonlinear, segregated, iterative solver with appropriate
damping factors to achieve a faster convergence. The whole
process for one run took about 10 minutes in a standardly
configured laptop (8 GB RAM, Intel i5 processor and 2 cores)
while the previously developed 3D model required over 4 h
in a supercomputing cluster (Clemson Palmetto, 400 GB of
RAM and 24 core processor).

The temperature dependences of the fluid properties in-
cluding electric conductivity, permittivity and viscosity were
evaluated in our model using the following expressions
[19, 22]

� = �∞ [1 + � (T − T∞)] (11a)

ε = ε∞ [1 + � (T − T∞)] (11b)

	 = 2.761 × 10−6exp (1713/T ) (11c)

Table 1. Summary of parameters and material properties used for modeling [51,52]

Symbol Value Unit Description

T� 293 K Room temperature
�� 0.1 S/m Fluid electric conductivity at room temperature
� 7.09 × 10−10 F/m Fluid electric permittivity at room temperature
� −0.0046 1/K Temperature coefficient of fluid electric permittivity
� 0.02 1/K Temperature coefficient of fluid electric conductivity
k 0.61 W/(m�K) Thermal conductivity of fluid
kPDMS 0.15 W/(m�K) Thermal conductivity of PDMS
kglass 1.38 W/(m�K) Thermal conductivity of glass
dch 25 �m Depth of microchannel
tus,PDMS 2 mm Thickness of PDMS slab

tls,PDMS 10 �m Thickness of PDMS film
tglass 1 mm Thickness of glass slide
h 10 W/(m2�K) Natural convection heat-transfer coefficient

w −50 mV Zeta potential of walls

p −80 mV Zeta potential of particles
� 1000 kg/m3 Mass density of fluid
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where �∞ and ε∞ are the electric conductivity and permit-
tivity of the fluid at room temperature T∞, and � and � are
their respective temperature coefficients. The values of these
constants along with other parameters used in the model are
given in Table 1. Note that the wall zeta potential, 
w, was
determined from the measured electroosmotic fluid velocity
via the electric current monitoring method in a straight uni-
form microchannel [50]. The particle zeta potential, 
p, was
calculated from the electrokinetic particle velocity that was
measured by tracking single particle motions in a straight
uniform microchannel [14–16]. The heat transfer coefficient
for natural convection, h, was estimated using the correla-
tions from Incropera and DeWitt [51] to be 10 W/(m2�K),
which is consistent with the value used in previous
studies [24, 47].

3 Results and discussion

Figure 3 shows the comparison of experimentally obtained
superimposed images and numerically predicted particle
streaklines at the interface of the inlet reservoir and mi-
crochannel for various 20 V DC-biased AC voltages. In each
case the flow pattern is established soon after the electric
voltage is supplied. At 450 V AC, the tracing particles mostly
follow electric field lines and flow smoothly from reservoir to
microchannel. Only those that travel near the channel center-
line exhibit a slight bending, which is correctly captured by
our simulation in Fig. 3A (bottom half). This phenomenon
is not expected for a pure electroosmotic flow with uniform
properties due to the similarity of flow and electric fields
therein [53]. It is a consequence of electrothermal flow that
arises from the action of electric field on Joule heating in-
duced fluid inhomogeneities. This flow grows with the in-
crease of AC voltage, leading to the formation of two small
counterrotating vortices near the centerline of the channel
entrance at 500 V AC (see Fig. 3B). Further increasing the
AC voltage significantly enhances the fluid circulations as
demonstrated in Fig. 3C for 600 V AC and Fig. 3D for 700 V
AC. The experimentally observed variations in the size and
location of electrothermal circulations with AC voltage are
predicted with a good agreement for every case in Fig. 3.

The generation of electrothermal fluid circulations
in electroosmotic entry flow can be explained by the

50

120

200E (kV/m)

295

305

315T (K)
A B

6.9

6.6

6.3

(×10-10 F/m)

0.11

(S/m)

0.13

0.15
C D

(×105 N/m3)

0

0.5

1.0

0

3

6(×10-4 m/s)
E F

Figure 4. Illustration of numerically predicted contours of elec-
tric field (A), temperature field (B), electric permittivity (C), electric
conductivity (D), electrothermal body force (E), and fluid veloc-
ity magnitude (F, arrows are velocity vector plots) at the inlet
reservoir-microchannel junction under 20 V DC-biased 600 V AC.

numerically predicted fluid property and field contours in
Fig. 4 for the case of 20 V DC-biased 600 V AC. The size mis-
match between the reservoir and the microchannel (more
precisely, the constriction section of the channel; see Fig. 1A)
amplifies the electric field inside the microchannel as illus-
trated in Fig. 4A. This draws strong Joule heating in the con-
striction region and hence raises the local fluid temperature.
However, as viewed from Fig. 4B, the fluid inside the reser-
voir remains slightly above room temperature. The resulting
steep temperature gradients lead to highly nonuniform fluid
properties at the reservoir-microchannel junction, e.g., elec-
tric permittivity decreases by approximately 10% (Fig. 4C)
while electric conductivity increases by almost 50% (Fig. 4D)
in the constriction. The action of electric field (both DC and
AC) on these gradients in fluid properties induces the elec-
trothermal body force, that is, fe in Eq. (9c), at the channel
entrance region. The magnitude of this force is higher near
the channel walls (than the centerline, see Fig. 4E) and hence
able to reverse the local fluid velocity (toward reservoir), yield-
ing the electrothermal fluid circulations in Fig. 4F.

50 μm

A

450 V AC

B C D

500 V AC 600 V AC 700 V AC

Figure 3. Comparison of experimentally ob-
tained images (top half) and numerically pre-
dicted streaklines (bottom half) of 520 nm trac-
ing particles at the inlet reservoir-microchannel
junction under various 20 V DC-biased AC volt-
ages: (A) 450 V AC (root mean squared), (B)
500 V AC, (C) 600 V AC, and (D) 700 V AC. The
arrowed line in D indicates the direction of the
electrothermal flow circulation. The direction of
electroosmotic fluid flow is from left to right in
all images while that of the tracing particles is
opposite due to the dominance of particle elec-
trophoresis over fluid electroosmosis.
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Figure 5. Numerically predicted temperature variations at four
points of the computational domain (see their locations in the in-
set, not drawn to scale; refer also to Fig. 2) for various AC voltages
with a fixed 20 V DC offset.

The growth of electrothermal fluid circulations at a
higher AC voltage in Fig. 3 is attributed to the increase in Joule
heating induced temperature gradients (and in turn fluid
property gradients). This is demonstrated in Fig. 5, where
the temperature variations at four points of the microfluidic
chip (see their locations in the inset) are plotted for various
AC voltages: (i) 200 �m ahead of the constriction inside the
reservoir, (ii) center of the constriction, (iii) center of the mi-
crochannel, and (iv) 200 �m above the constriction inside the
PDMS. The fluid temperature at the center of the constriction
increases in a parabolic nature with increase in AC voltage. In
contrast, the fluid temperature rise inside the reservoir is al-
most linear and much less than that in the constriction. This
difference in temperature variation causes significantly in-
creased temperature gradients at the reservoir-microchannel
junction for higher AC voltages. However, the temperatures
at the center of the microchannel and the PDMS both expe-
rience a very small increase with AC voltage. This indicates
that Joule heating in the fluid is primarily rejected along the
channel depth direction, especially through the glass slide at
the bottom [24,40]. In addition, the increase of corner radius
at the reservoir-microchannel junction is found to reduce the
local electric field intensity and hence slightly weaken the
electrothermal flow circulation [40].

Electrothermal flow also occurs in electroosmotic exit
flow from the microchannel to the outlet reservoir due to the

same mechanism as noted above. The experimentally and nu-
merically obtained particle streaklines at the outlet reservoir-
microchannel junction are displayed in Fig. 6 for various
20 V DC-biased AC voltages. Similar to the electroosmotic
entry flow in Fig. 3, fluid circulations appear at 500 V AC in
the exit flow and become more prominent with the further
increase in AC voltage. Moreover, the electrothermal flows in
both locations point away from the channel at the near-wall
region due to the local strong electrothermal body force (see
Fig. 4E) and circulate back in the bulk fluid region (see the
arrowed lines in Fig. 3D and Fig 6D). However, the centers
of the two fluid vortices are shifted from near the channel
centerline in the entry flow (Fig. 3) to near the channel walls
in the exit flow (Fig. 6). These phenomena are all reasonably
simulated by the 2D depth-averaged model.

4 Concluding remarks

This paper presents the first experimental and numerical
studies of Joule heating effects on electroosmotic fluid en-
try from reservoir to microchannel in a polymer microfluidic
chip. Electrothermal fluid circulations are observed to form
at the reservoir-microchannel junction due to the action of
the locally amplified electric field upon the Joule heating-
induced gradients in fluid properties. Their influences on the
electroosmotic entry flow grow with the increasing AC volt-
age when the DC voltage is fixed. Moreover, a depth-averaged
theoretical analysis is performed for the transport equations,
based on which a 2D numerical model is developed to under-
stand the effects of Joule heating on fluid temperature and
flow fields in electrokinetic microfluidic chips. This model
takes into the account the heat dissipation and electroosmotic
slip from/on the top and bottom microchannel walls without
any assumption. It is found sufficient to predict the temper-
ature field in both the fluid and substrate subdomains of the
entire microchip. More importantly, it simulates accurately
the size and position of the experimentally observed fluid vor-
tices in electroosmotic flow at both the inlet and the outlet
reservoir-microchannel junctions under various AC voltages.
Due to the simple 2D nature, this modeling can be easily
carried out in a laptop, which enables quick and efficient
parametric studies for the optimal design and operation of
electrically controlled microfluidic devices.

50 μm

A

450 V AC

B C D

500 V AC 600 V AC 700 V AC

Figure 6. Comparison of experimentally (top)
and numerically (bottom) obtained particle
streaklines in electroosmotic exit flow from the
microchannel to the outlet reservoir under var-
ious 20 V DC-biased AC (root mean squared)
voltages: (A) 450 V AC, (B) 500 V AC, (C)
600 V AC, and (D) 700 V AC. The arrowed line in
D indicates the direction of the electrothermal
flow circulation. The direction of electroosmotic
fluid flow is from left to right in all images.
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