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Abstract

Joule heating (JH) is a ubiquitous phenomenon in electrokinetic microfluidic devices. Its
effects on fluid and ionic species transport in capillary and microchip electrophoresis have
been well studied. However, JH effects on the electrokinetic motion of microparticles in
microchannels have been nearly unexplored in the literature. This paper presents an
experimental investigation of JH effects on electrokinetic particle transport and manipulation
in constriction microchannels under both pure dc and dc-biased ac electric fields. It is found
that the JH effects reduce the dielectrophoretic focusing and trapping of particles, especially
significant when dc-biased ac electric fields are used. These results are expected to provide a
useful guidance for future designs of electrokinetic particle handling microdevices that will
avoid JH effects or take advantage of them.

(Some figures may appear in colour only in the online journal)

1. Introduction

Joule heating (JH) is a ubiquitous phenomenon in
electrokinetic microfluidic devices [1]. It is a volume heat
source given by o /%, where o is the electric conductivity
of the liquid and E is the magnitude of the local electric
field. JH has been long known to cause temperature rises and
gradients first in the fluid and then in the entire device through
thermal diffusion [2]. Its effects on fluid electroosmosis and
ionic species electrophoresis have been extensively studied
in both stand-alone and on-chip microchannels, particularly
by the community of capillary and microchip electrophoresis
[3-10]. However, JH effects on the electrokinetic particle
motion in microchannels have been nearly unexplored in the
literature. As electrokinetic means has been frequently used
to transport and manipulate synthetic (e.g., glass and polymer
beads) and biological (e.g., mammalian and bacterial cells)
particles in microfluidic devices [11, 12], it is important to
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know what roles JH may play during these particle control
processes.

In this work we present our experimental observations
of JH effects on electrokinetic particle transport in
constriction microchannels. Such channels have often been
used to implement electrokinetic focusing [13, 14], trapping
[15-17], concentration [18-20] and separation [21-24] of
a variety of particles via dielectrophoresis (DEP) [25, 26].
However, JH effects in these works have been deliberately
suppressed by the use of a low-conductivity fluid and/or a
small-magnitude electric field, especially significant when
dc-biased ac electric fields are applied [14, 18-21, 23].
Only recently Hawkins and Kirby [27] have developed a
2D numerical model to simulate the effects of JH on the
electrokinetic fluid and particle motion in a microchannel with
a constriction in the depth. They found that the action of the
electric field on JH-induced fluid conductivity and permittivity
gradients gives rise to an electrothermal flow in the constriction
region. Such a flow in the form of fluid circulation under
appropriate conditions was later experimentally verified by
the authors of this paper in a microchannel with a widthwise

© 2012 IOP Publishing Ltd  Printed in the UK & the USA


http://dx.doi.org/10.1088/0960-1317/22/7/075011
mailto:guoqing.hu@imech.ac.cn
mailto:xcxuan@clemson.edu
http://stacks.iop.org/JMM/22/075011

J. Micromech. Microeng. 22 (2012) 075011

J Zhu et al

constriction (i.e. a 2D constriction) [28]. Hawkins and Kirby’s
model also predicted that the electrothermal flow enhances the
DEP particle deflection and trapping in almost all cases [27].
Such effects, however, have yet to be experimentally examined.

The objective of this paper is to present the first
experimental investigation of JH effects on electrokinetic
particle focusing and trapping in 2D constriction
microchannels. Itis noted that similar microchannels have also
been demonstrated to implement the so-called temperature
gradient focusing of ionic species via JH of the background
buffer solution [29-32].

2. Experiment

The constriction microchannels used in our experiments
were fabricated in poly(dimethylsiloxane) (PDMS) with the
standard soft lithography technique. They were formed by
bonding the PDMS slab to a regular glass slide after both
surfaces were treated by air plasma (PDC-32G, Harrick
Scientific, Ossining, NY). The detailed procedure is given
elsewhere [14]. The channel is 1 cm long with a 200 um
length constriction in the middle. The widths of the channel
and constriction are 400 and 40 pm, respectively. Two channel
depths, 15 and 45 pum, were used for a comparison of the
electrokinetic particle motion under dissimilar JH effects.
When all other conditions are maintained similar, JH effects on
the 45 wm deep channel are expected to be stronger than those
in the 15 wm deep one. It is because the overall JH, oszV,
scales with the fluid volume, V, inside the microchannel, while
the heat dissipation conditions of the PDMS and glass surfaces
remain unvaried. We will provide in section 3 an approximate
heat transfer analysis of the JH-induced fluid temperature
rise in a constriction microchannel (see section 3.2). This
experimental design is relevant to the use of deeper channels
in electrokinetic microdevices for the purpose of achieving a
higher particle throughput [25, 26].

The dc and dc-biased ac electric fields were supplied by
a function generator (33220A, Agilent Technologies, Santa
Clara, CA) in conjunction with a high-voltage amplifier
(609E-6, Trek, Medina, NY). The ac field frequency was
fixed at 1 kHz in all tests, which was fast enough to
cause no net electroosmotic fluid flow and electrophoretic
particle motion [12]. Polystyrene particles of 3 pum in
diameter (Sigma Aldrich, USA) were re-suspended in 5 mM
phosphate buffer to a final concentration of 107 particles per
ml. The electric conductivity of the solution was measured
to be 470 uS cm™! at room temperature. The ambient
conditions (e.g., room temperature and air flow speed) were
maintained for experiments in the two depths of constriction
microchannels. Particle motion was monitored using an
inverted Nikon microscope (TE2000U, Nikon Instruments,
Lewisville, TX), through which videos and images in the
constriction region were recorded using a CCD camera (Nikon
DS-QilMc). Pressure-driven flow was eliminated by carefully
balancing the liquid heights in the two reservoirs prior to each
experiment. In addition, the reservoirs were purposely made
large (5 mm in diameter) in order to minimize the potential
influence of backflow on the particle motion.

Figure 1. Mechanism for the electrokinetic focusing and trapping of
particles in a constriction microchannel. Illustrated is the particle
velocity analysis in the absence of Joule heating (JH) effects, where
the electrokinetic velocity, Ugg, and the DEP velocity, Upgp, are
each obtained from a force balanced with the hydrodynamic

drag [14]. The thin lines and the background color represent the
electric field lines and contour (the darker color indicates a larger
electric field), respectively.

3. Theory

3.1. Mechanism of electrokinetic particle focusing and
trapping
The mechanism for electrokinetic focusing and trapping of
particles in a constriction microchannel by DEP has been
covered elsewhere when JH effects are negligible [14, 18].
Here, we only briefly review it without referring to any
equation. Due to the non-uniform electric field distribution
in the constriction region (see the electric field contour in
figure 1), particles experience a negative DEP force under
dc and low-frequency ac electric fields [25, 26], inducing a
DEP velocity, Upgp. As illustrated in figure 1, the streamwise
component of this velocity, Upgps, opposes the electrokinetic
particle motion, Ugg. As the former increases more quickly
with the electric field than does Ugg, a stagnation zone can
be formed for particles in front of the constriction leading
to particle trapping. Moreover, the cross-stream component
of the DEP velocity, Upgp,, deflects particles to the channel
center (see figure 1). The consequence is 2D particle focusing
in the horizontal plane, which can be enhanced by increasing
the electric field as well [13, 14]. As ac electric fields do not
contribute to Ugg, the use of dc-biased ac electric fields can
strengthen the particle trapping and focusing [14, 18-21, 23].
However, when a large electric field (for manipulating
small particles such as bacteria [16, 20]) and/or a
highly conductive fluid (for manipulating mammalian cells
[18, 22, 24]) are needed, JH effects become significant.
Electrothermal flow can be induced by the interaction of
the electric field and JH-induced fluid conductivity and
permittivity gradients in the channel constriction region [27].
This flow is superimposed on the electrokinetic flow and
not streamwise, and may even involve fluid circulations as
demonstrated in [28]. Therefore, JH is expected to have a
direct impact on the above-analyzed electrokinetic focusing
and trapping of particles in constriction microchannels.

3.2. Approximate heat transfer analysis of JH-induced fluid
temperature rise

Figure 2 shows the cross-sectional schematic of the
experimental microdevice (not to scale). As it has a much
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Figure 2. Cross-sectional schematic (not to scale) of the
experimental microdevice showing heat transfer approximations.

lower thermal conductivity than glass (1.4 W (m K)~!), PDMS
(0.18 W (m K)™!) can be assumed to be thermally insulating.
Then, if we neglect the axial temperature variations which is
valid except near the constriction [27, 28] and the end-channel
reservoirs [33, 34], JH of the fluid at any cross-section of the
microchannel, Qi = orE*wd,, is dissipated only through
the glass substrate via an approximately 1D heat conduction,
Qcond =k (Tf — TOO) w / d,. In these two expressions, w is the
width of the microchannel, d. is the channel depth, k; is the
thermal conductivity of the glass substrate with a thickness
dy, Ty is the mean fluid temperature over the microchannel
cross-section, and T, is the temperature of the lower surface
of the glass substrate that is in contact with a working
stage in experiment and can thus be assumed isothermal. As
such, the fluid temperature rise at a steady state is given by
T — Ty = aszdcds / ks, which is consistent with the scaling
analysis from Ramos et al [35]. This approximate heat transfer
analysis indicates that JH-induced fluid temperature elevation
increases with the microchannel depth d.. if all other conditions
remain unvaried. Note that the temperature dependence of
electrical and thermophysical properties (i.e. oy and k) is not
considered in the above approximate analysis.

4. Results and discussion

4.1. Electrokinetic particle focusing under pure dc electric

fields

Figure 3 compares the streak images for the dc electrokinetic
motion of 3 pum particles in the 15 um (left column) and
45 pm (right column) deep constriction microchannels. These
images were obtained by superimposing a sequence of steady-
state images taken at least 1 min after the electric voltage was
turned on. The applied voltage drop was varied from 200 V
(a) to 400V, (b) 600 V and (c) 800 V (d), corresponding to an
average dc electric field from 200 to 800 V cm™~!. All the other
parameters were fixed in the tests between the two depths of
microchannels.

Similar to what has been demonstrated previously
[13, 14, 18], particles in all cases are pushed away from the
corners of the constriction and deflected toward the channel
midplane by the induced negative DEP. The consequence is a
squeezed particle stream flowing in the channel center region
downstream of the constriction, in contrast to the uniform
particle distribution covering almost the entire channel width
upstream. Such DEP focusing increases with the rise of the

—

—

Figure 3. Superimposed images illustrating the effects of JH on the
electrokinetic focusing of 3 pum particles through 15 um (left
column) and 45 pwm (right column) deep microchannel constrictions
under various pure dc electric fields (average value over the channel
length): (@) 200 V cm™, (b) 400 V cm™!, (¢) 600 V cm™! and

(d) 800 V cm~!. The block arrow in (@) indicates the particle
moving direction.

electric field in both depths of microchannels. However, the
width of the focused particle stream is larger in the 45 um
deep channel (right column of figure 3) than in the 15 um
deep one (left column of figure 3) at each dc field tested. This
is attributed to the stronger JH effects on the deeper channel as
analyzed in section 3.2. In other words, JH effects compromise
the electrokinetic particle focusing in microchannels with
a widthwise constriction, which is opposite to Hawkins
and Kirby’s numerical prediction of enhancement in their
microchannel with a depthwise constriction [27]. In the latter,
a single hurdle is located on the bottom channel wall, forming
a constriction in the channel depth. The induced DEP deflects
particles toward the top channel wall, which is found to be
enhanced by JH and electrothermal effects in Hawkins and
Kirby’s 2D numerical model. We are uncertain what causes
this controversy. A 3D numerical model is currently under
development by the authors, which is expected to offer a
fundamental understanding of the real transport phenomena
in each of these two devices.

There is one issue in the current experiment which can
cause an unequal influence on the particle focusing in the two
depths of microchannels. As the channel depth increases from
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Figure 4. Comparisons of the experimentally measured particle
focusing ratios (a) and the theoretically predicted fluid temperature
rises (b) between the 15 and 45 pm deep constriction microchannels
under various dc electric fields. The dashed line in (a) is the
numerical prediction of the particle focusing ratio in the absence of
JH effects, which is independent of the microchannel depth. The
symbols are the experimental (a) and theoretical (b) data, and the
solid lines are used only to guide the eyes.

15 to 45 pm, the surface area of the channel walls composed
of PDMS rather than glass increases. This will change the
average electroosmotic velocity and in turn the electrokinetic
particle motion [36]. However, since the zeta potential of the
PDMS surface is not significantly different from that of the
glass surface [37], and moreover, the increase of the channel
wall surface area is still relatively small as compared to the
overall wall surface area (30 um versus 830 wm per unit
channel length of the two microchannels), we estimate that
this issue should have only a subtle effect on the electrokinetic
particle transport in our experiments.

To quantify the JH effects on the electrokinetic particle
motion, we define particle focusing ratio as the ratio of particle
stream width before and after the constriction. Figure 4(a)
shows the comparison of this focusing ratio in the 15 and
45 pum deep microchannels under the application of various
dc electric fields. We see that the focusing ratio in the
15 pum deep channel increases much faster than that in the
45 pum one when the dc field increases. At low dc fields
(e.g., 200 and 400 V cm™"), the particle focusing ratio is
comparable between the two depths of microchannels (see
also figures 3(a), (b)) as the JH effects are still relatively
weak in both channels. At higher dc fields (e.g., 600 and
800 V cm™'), however, JH effects become significant in
the 45 um deep microchannel, while remaining moderate
or insignificant in the 15 um deep channel. The result is
a substantially reduced particle focusing ratio in the deeper
channel (see also figures 3(c) and (d)). This analysis is
supported by the theoretically predicted fluid temperature
rises in the two microchannels as seen in figure 4(b).
To obtain the theoretical curves, we used the following
parameters in the approximate heat transfer analysis (see

section 3.2): the electric conductivity of the fluid is oy =
0.047 S m~!, and the thermal conductivity and thickness of
the glass substrate are k, = 1.4 W (m K) ~! and d; = 1 mm,
respectively.

Also illustrated in figure 4(a) is the numerically predicted
curve of the particle focusing ratio (dashed line) when JH
effects are not considered. It was obtained using the model
developed in COMSOL® by our group [14, 18]. For this
modeling, the electrokinetic mobility of 3 wm particles was
measured at a 100 V cm™! dc field to minimize JH effects,
and was found to be 0.83 (um s~")/(V cm™!). The correction
factor was set as 0.8 to account for the influence of particle
size on the DEP velocity, which is consistent with our
earlier studies [38]. Twenty evenly distributed points over
the width of the microchannel at the inlet were chosen
to represent the initial positions of particles, and so the
particle stream width before the constriction was equal to
the microchannel width. The trajectory of each of these
particles along the constriction microchannel was tracked
according to the combined electrokinetic and DEP velocity, i.e.
Ugk + Upgp. The particle stream width after the constriction
was directly measured from the predicted particle trajectories,
from which the particle focusing ratio could be calculated.

One can see in figure 4(a) that the experimentally obtained
particle focusing ratios (solid lines with symbols) in the two
microchannels are both smaller than the numerical prediction
(dashed line) due to JH effects. Moreover, the deviations
increase with the increase of the electric field, especially
significant in the 45 pum deep channel due to the stronger JH
effects therein. This trend is consistent with the theoretically
predicted fluid temperature rises in the two microchannels as
shown in figure 4(b). It is important to note that the particle
DEP induced in the current 2D microchannel constriction
should be independent of the channel depth [13—19, 22-26].
Therefore, the focusing effectiveness should remain similar
between the two tested microchannels when JH effects are
insignificant as at 200 V cm™! (see figures 3(a) and 4(a)).

4.2. Electrokinetic particle focusing and trapping under
dc-biased ac electric fields

Figure 5 shows the streak images of 3 pum particles in
the 15 pum (left column) and 45 um (right column) deep
constriction microchannels under dc-biased ac electric fields.
The total root-mean-square (RMS) value of the dc and ac fields
was fixed at 500 V cm™!. The ac field frequency was fixed at
1 kHz. At a 500 V cm™! pure dc field (see figure 5(a)), the
particle images are consistent with those illustrated in figure 3
(see (b) for 400 V cm™! and (¢) for 600 V ecm™!) for both
depths of microchannels. With the inclusion and increase of
the ac field (see figures 5(b)—(d)), particle focusing is enhanced
in both channels as the ac field contributes to DEP but not to
the electrokinetic motion. However, the particle stream width
in the 45 pum deep microchannel (right column of figure 5) is
apparently larger than thatin the 15 wm deep channel due to the
greater JH effects in the former. This observation is consistent
with that for the electrokinetic particle motion under pure dc
fields in figure 3. Particularly at 50 V cm™! dc/450 V cm ™! ac
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Figure 5. Superimposed images illustrating the effects of JH on the
electrokinetic motion of 3 um particles through 15 pum (left
column) and 45 pm (right column) deep microchannel constrictions
under various dc-biased ac electric fields (in units of V cm™): (a)
500 dc/0 AC (i.e. the ac to dc ratio is a = 0); (b) 166 dc/334 ac (a =
2); (¢) 100 dc/400 ac (@ = 4); (d) 50 dc/450 ac (@ = 9). The block
arrow in (@) indicates the particle moving direction.

(RMS), which has an ac to dc ratio of @« = 9, particles
are trapped and concentrated in front of the constriction in
the 15 pum deep microchannel (see figure 5(d), left) due to
the induced negative DEP that overcomes the electrokinetic
particle motion. In contrast, particles can still pass through the
constriction in the 45 um deep channel (see figure 5(d), right).

The comparison of particle focusing ratios in the 15 and
45 pum deep constriction microchannels under dc-biased ac
electric fields is shown in figure 6. The discrepancy between
these two ratios quickly increases with increasing ac to dc
field ratio, «, indicating a greater impact of JH effects on
the electrokinetic particle motion under dc-biased ac electric
fields as compared to pure dc fields. This is interesting
because the JH induced fluid temperature rise is estimated as
Ty — T = ongc(l + a?)d, d; /ks, which is approximately 1
and 3 K in the 15 and 45 p#m deep microchannels, respectively,
when the ac to dc field ratio, «, is varied. We speculate that it is
the JH-induced electrothermal flows that lead to the observed
difference in particle focusing and trapping in between the two
channels at various values of «. This is based on the fact that
electrothermal flows grow with the increase of «, which has
been recently demonstrated by the authors [28]. In addition,

1000

100 /

Particle focusing ratio

1 . t . t : f

0 2 4 6 8 10
AC to DC field ratio,

Figure 6. Comparison of the experimentally measured particle
focusing ratios between the 15 and 45 pm deep constriction
microchannels under dc-biased ac electric fields. The total
magnitude of the ac and dc electric fields is 500 V cm™! while the ac
to dc field ratio, «, is varied. The dashed line is the numerical
prediction of the particle focusing ratio in the absence of JH effects,
which is independent of the microchannel depth. The symbols are
the experimental data, and the solid lines are used only to guide the
eyes.

similar to what we see in figure 4(a), the particle focusing
ratios in both depths of microchannels under dc-biased ac
electric fields are also smaller than the numerical prediction
without consideration of JH (dashed line in figure 6). This
observation further validates the statement we made earlier
that JH effects reduce the electrokinetic particle focusing and
trapping in 2D-constriction microchannels.

5. Conclusions

We have performed an experimental study of Joule heating
(JH) effects on the electrokinetic particle transport and
manipulation in rectangular microchannels with a widthwise
constriction in the middle of the channel length. Through
the use of microchannels of two different depths as well as the
comparison with the numerical prediction in the absence of
JH effects, we demonstrate that the dielectrophoretic focusing
and trapping of particles are both mitigated by JH effects.
Moreover, this negative impact becomes more significant when
dc-biased ac electric fields are applied rather than pure dc
fields. We expect that the results obtained in this work will
provide useful guidance for future designs of electrokinetic
particle handling microdevices that will avoid JH effects
or take advantage of them. A three-dimensional numerical
model is currently under development for the purpose of
understanding and accurately predicting JH and its effects on
electroosmotic fluid flow and electrokinetic particle motion in
constriction microchannels.
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