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Review

Joule heating in electrokinetic flow

Electrokinetic flow is an efficient means to manipulate liquids and samples in lab-on-a-chip
devices. It has a number of significant advantages over conventional pressure-driven flow.
However, there exists inevitable Joule heating in electrokinetic flow, which is known to
cause temperature variations in liquids and draw disturbances to electric, flow and con-
centration fields via temperature-dependent material properties. Therefore, both the
throughput and the resolution of analytic studies performed in microfluidic devices are
affected. This article reviews the recent progress on the topic of Joule heating and its effect
in electrokinetic flow, particularly the theoretical and experimental accomplishments from
the aspects of fluid mechanics and heat/mass transfer. The primary focus is placed on the
temperature-induced flow variations and the accompanying phenomena at the whole
channel or chip level.
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1 Introduction

Lab-on-a-chip devices have found wide applications in the
analysis of chemical and biological samples. These inte-
grated microfluidic devices offer many advantages over con-
ventional bench-top analytical instruments, such as
increased efficiency, throughput, and portability while
reduced analysis time, reagent consumption, and cost [1–10].
An efficient technique for manipulating liquids and samples
in these chip-based microfluidic systems is electrokinetic
flow [11, 12]. This flow transports liquids by electroosmosis
and samples (e.g., ions, particles, and cells) by electrophore-
sis, both of which are generated through the interaction of an
applied electric field and the electric double layer (EDL) at the
solid–liquid interface [13, 14]. Therefore, pumps, valves, and
other mechanical moving parts are eliminated in electro-
kinetic flow. More importantly, electrokinetic flow possesses
a nearly plug-like velocity profile, causing reduced sample
dispersion and enhanced flow conductance with respect to
the traditional pressure-driven flow [15, 16].

However, there exists inevitable Joule heating in the
liquid when an electric field is applied to generate electro-
kinetic flow through a microchannel [17, 18]. This internal
heat source may lead to significant increase and non-
uniformity in the liquid temperature [19, 20]. The elevated
temperature, on one hand, may denature live biological
samples [21], while on the other, may be exploited in heat
related physico-chemical processes [22]. Meanwhile, as most
liquid properties vary with temperature, the induced tem-
perature gradients make the liquid properties nonuniform.
Hence, disturbances are drawn to electrokinetic flow, caus-
ing significant deviations from its plug-like velocity profile.
These variations reduce both the throughput and the resolu-
tion of analytic studies performed in lab-on-a-chip devices
[11, 23]. Therefore, it is important to study Joule heating and
its effect on the electrokinetic transport of liquids and sam-
ples in order for the optimal design and efficient operation of
microfluidic systems.

This article attempts to review the topic on Joule heating
in electrokinetic flow. We focus primarily on the recent pro-
gress in theoretical and experimental studies of temperature-
induced flow variations and the accompanying phenomena
at the whole channel or chip level. In general, the theoretical
and experimental approaches involved in this article are only
briefly mentioned. For a comprehensive knowledge of these
methods, readers are referred to Erickson [24] for a review of
numerical modeling of integrated microfluidic devices, to
Xuan and Li [25] for a review of theoretical (analytical) mod-
els of Joule heating in electrokinetic flow, to Ross et al. [26]
and Xuan [20] for a review of temperature measurement in
microchannels, and to Sinton [27] for a review of microscale
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flow visualization. Readers are also suggested to read
Rathore’s [28] review of Joule heating and temperature
determination inside an open or packed capillary in capillary
electrophoresis and electrochromatography. This article is
written assuming readers have at least a rudimentary under-
standing of electrokinetic phenomena, which are well docu-
mented in classical reference texts on electrokinetics such as
Hunter [13], Lyklema [14], Li [16], and Masliyah [29].

2 Temperature-dependent material
properties

Prior to discussing Joule heating and its effect on electro-
kinetic flow in microchannels, a brief overview of the tem-
perature dependence of the involved material (including
liquid, sample, and channel wall) properties is warranted.
For the liquid properties, we focus mainly on aqueous solu-
tions. Nevertheless, background electrolytes prepared in
organic solvents, i.e., nonaqueous solutions, have also found
many applications in capillary electrophoresis due to a
number of advantages compared to aqueous solutions [30–
35]. One such advantage states that the lower electric current
(and thus a lower Joule heating) in nonaqueous solutions
should theoretically enable a higher separation voltage and
therefore a shorter analysis time. This statement is, however,
not generally true in organic solvent systems. Readers inter-
ested in the topic of Joule heating in nonaqueous solutions
are referred to a recent critical review by Porras and Kenndler
[36].

It is more convenient to divide the material properties
into the following three categories: heat transfer-related,
liquid (or more precisely, momentum) transfer-related, and
mass transfer-related. Among the first category, electric con-
ductivity of the background electrolyte solution is the direct
property dictating the extent of Joule heating. The vast
majority of previous studies assumed that electric con-
ductivity l is a linear function of liquid temperature T (in
unit of K), i.e., l ¼ l0 1þ a T � T0ð Þ½ � [37–40], where l0 is the
conductivity at the reference temperature (or simply the
room temperature) T0 and a is the temperature coefficient.

However, if the temperature variation (T 2 T0) gets large,
adding a quadratic-dependence term would give more accu-
rate results, as demonstrated by Porras and co-workers [33].
It is also noted that l0 is frequently assumed proportional to
the ionic concentration unless the electrolyte solute is con-
centrated [38–40]. The other two properties within the first
category are thermal conductivity and heat capacity, which
can be safely assumed constant in most cases [41].

Among the second category, wall zeta potential z, liquid
viscosity Z, and liquid permittivity e are equally important in
the Helmholtz–Smoluchowski velocity (i.e., electroosmotic
slip velocity), uHS ¼ �ezE=Z [13, 14, 16, 29]. For dilute
aqueous solutions, their viscosity and permittivity are
roughly the same as those of pure water, which may be
expressed as, for example, Z ¼ 2:761� 10�3 expð1713=TÞ
(in unit of kgm21s21) and e ¼ 305:7 expð�T=219Þe0 (in unit
of CV21m21, e0 is the vacuum permittivity) [42, 43]. The
temperature dependence of zeta potential is generally com-
plex and hard to be isolated from other properties for quan-
tification. However, two recent experiments both demon-
strated a linear temperature function of zeta potential
though its slope may vary significantly with respect to the
choice of solution and substrate [44, 45]. For example, Ven-
ditti et al. [45] presented in Table 1 the measured zeta poten-
tial values for a number of commonly used buffers. Their
results show that in some solutions (e.g. KCl, Tris-borate-
EDTA (TBE)) the zeta potential increases significantly with
temperature, while other buffers (e.g. TE, Na2CO3/NaHCO3)
seem to be stable over all measured temperatures. For more
information on zeta potential of microfluidic substrates,
readers are referred to Kirby and Hasselbrink [46, 47].

Among the third category, diffusion coefficient D of
samples may vary by a few orders of magnitude depending
on their size. However, it is usually a good approximation to
use the Stokes–Einstein relation for the determination of D,
that is, D ¼ kBT=6pZa, where kB is Boltzmann’s constant
and a is the radius of sample molecules [14, 29]. As discussed
earlier, viscosity Z is known to decrease with the rise of liquid
temperature T, so the molecular diffusion exhibits a strong
positive dependence on T. Another material property falling
into this category is the ionic mobility of sample species,

Table 1. Summary of measured zeta potential results

Solution Concentration z (307C) (mV) z = z(T) (mV, 7C)

KCl 0.1 mM 2108.2 20.06T 2 107.4
1 mM 292.6

(278.2)
20.44T 2 78.2

(20.20T 2 72.8)
10 mM 256.4

(238.4)
20.48T 2 43.8

(20.09T 2 35.5)
Na2CO3/NaHCO3 10 mM 292.9 10.02T 2 93.1
16TE 10 mM Tris, 1 mM EDTA 268.2 20.01T 2 67.9
16TBE 89 mM Tris, 89 mM boric acid, 2 mM EDTA 252.4 20.35T 2 40.0

Bracketed entries denote PDMS:PDMS microchannels. All other entries represent PDMS:glass. Adapted from ref.
[45].
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n, which is closely related to its electric conductivity (note:
not the conductivity l of the background electrolyte) [14].
Nernst–Einstein relation, n = D/RT with the universal gas
constant R, is often used to relate ionic mobility to its diffu-
sion coefficient [29]. As such, n = 1/6pZaNA, where NA is the
Avogadro constant, is an inverse function of liquid viscosity
and hence increases with temperature.

3 Joule heating in electrokinetic
microchannel flows

From this section on, we review the recent progress in the
topic of Joule heating and its effect on electrokinetic flow in
single microchannels (Section 3) and microchannel systems
(Section 4), respectively. The former circumstance is mostly
relevant to capillary electrophoresis and electrochromatogra-
phy as well as electroosmotic pumping. Those on Joule
heating effects in microchannel systems are stipulated by the
rapidly growing applications of polymeric microfluidic chips,
whose base materials, for example, poly(dimethylsiloxane)
(PDMS), generally have a low thermal conductivity [48].

The vast majority of previous work on Joule heating in
electrokinetic microchannel flows concerns only the lateral
(or radial in a round capillary) temperature variations by
assuming an infinitely long tube with its outer surface sub-
ject to a uniform heat transfer condition. In real flow sys-
tems, however, there exist at least two factors that may cause
axial temperature gradients: one is the reservoir-based cool-
ing effects because electroosmosis keeps pulling the cool
liquid from the inlet reservoir while pushing the hot liquid
into the outlet reservoir, which is named as thermal end
effects by Xuan et al. [49]; the other is the nonuniform dis-
sipation of Joule heating along the channel length direction,
which might be the consequence of variable cooling condi-
tions [50, 51], nonuniform channel cross-section [26, 52, 53],
or discontinuous electric conductivity of the sample with
respect to the background electrolyte in the case of, for
example, sample stacking and pumping [54, 55]. Below we
start with the review of the work on lateral temperature gra-
dients in single microchannels. Immediately following is the
discussion of axial temperature gradients due to thermal end
effects and nonuniform cooling, respectively. Other topics of
interest that are pertinent to Joule heating in electrokinetic
microchannel flows are also presented.

3.1 Lateral temperature gradients

Joule heating has been long known to cause an increase and
a radial nonuniformity in liquid temperature in capillary
electrophoresis [17, 42, 56]. As a number of previous reviews
have partially covered this issue, for example, Gaš et al. [17],
Ghosal [18], and Rathore [28], we here only briefly mention
the contributions from various authors. By assuming a con-
stant liquid conductivity, Knox [43], Knox and McCormack
[57, 58], and Grushka et al. [59] obtained a parabolic temper-

ature profile over the channel cross-section. However, Gob-
bie and Ivory [60] later pointed out that assuming a constant
electric conductivity resulted in underestimated liquid tem-
peratures because in reality, conductivity increases with
temperature as noted above. Moreover, the phenomenon of
thermal runaway is missed under this assumption. Employ-
ing a linear relationship to describe the temperature de-
pendence of liquid conductivity, Jones and Grushka [38], and
Bello and Righetti [39, 40] studied the steady state and tran-
sient state liquid temperatures, and both demonstrated an
essentially parabolic temperature profile over the capillary
cross-section. With these lateral temperature variations,
however, the profile of electroosmotic velocity still remains
plug-like in the bulk region despite the increased magnitude
due to the drop of liquid viscosity [18]. All velocity gradients
are restricted to within the thin EDL (on the order of na-
nometer). Meanwhile, both electrophoretic velocity and mo-
lecular diffusion of analyte species become nonuniform over
the channel cross-section, causing the so-called Taylor dis-
persion. For the origin and theoretical foundation of such
dispersion, readers are referred to Taylor [61] and Aris [62].

The problem of dispersion caused by the Joule heating-
induced parabolic profile of electrophoretic velocity has been
examined both theoretically and experimentally. Knox and
Grant [43, 57, 58] and Grushka et al. [59] derived an analytical
formula to account for this effect on the theoretical plate
height in capillary electrophoresis. Gobbie and Ivory [60]
suggested using an opposing Poiseuille flow to counter for
the thermally parabolic distortion of the migration velocity.
They also derived a formula for the resulting plate height
based on the Taylor–Aris dispersion theory. Andreev and
Lisin [63, 64] numerically calculated the peak broadening
due to the nonuniform liquid electroosmosis, species elec-
trophoresis and diffusion. Such coupled contribution was
recently included in Xuan and Li’s [65] analytical model
which is essentially applicable to capillary columns of arbi-
trary size and zeta potential. More recently, Peterson et al.
[66] compared Joule heating effects in microchip-based and
capillary-based electrophoretic separation systems. They
concluded that the influence of Joule heating on separation
efficiency is mainly associated with the radial profile rather
than the overall rise in liquid temperature. This judgment
seems, however, inconsistent with some previous experi-
ments [33, 34], which was later explained by Xuan and Li [67]
using the axial temperature gradients-induced pressure--
driven flows and will be addressed shortly. For details of dis-
persion in electrokinetic flow due to other sources of band
broadening, readers may be referred to Gaš et al. [17, 68, 69]
and Ghosal [18, 23].

3.2 Axial temperature gradients due to thermal end

effects

Tang et al. first numerically investigated the effect of Joule
heating on liquid electroosmotic flow and species transport
in cylindrical [70] and slit [71] microchannels. Thermal end
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effects were found to produce both lateral and axial temper-
ature gradients in the liquid. Assuming a uniform electric
field along the whole channel, they predicted an enhanced
liquid flow with a convex profile in the developing region
while concave in the fully developed region. These deviations
from the plug-like profile of electroosmotic velocity are at-
tributed to the thermally induced pressure-driven flows.
Such nonuniform temperature and velocity fields then make
the sample front translate faster but more dispersed. The
same authors later validated the applicability of Poisson–
Boltzmann equation in describing the ionic distribution
through comparison to the full Nernst–Planck equation [72].

Other than the momentum and mass transport, however,
the axially nonuniform temperature distribution should also
affect the charge transport because of the resultant non-
uniformity in liquid conductivity. This issue was first
addressed by Xuan et al. [49] in a whole-capillary (from
reservoir to reservoir) simulation. They proposed that the
electric field strength must be also nonuniform along the
length direction in order to satisfy the condition of current
continuity. Specifically, the electric field strength close to the
capillary ends is much higher than in the middle part be-
cause the liquid conductivity in the former region is lower
due to thermal end effects. Consequently, the electric body
force is greater close to the channel ends, leading to a locally
higher electroosmotic velocity (see, for example, the Helm-
holtz–Smoluchowski velocity, uHS ¼ �ezE=Z) [13, 14, 16,
29]. Then, the condition of mass continuity gives rise to an
asymmetrically sine-shaped distribution of pressure along
the channel length direction. Therefore, the radial profile of
liquid velocity is expected to be concave near the inlet and the
outlet while slightly convex in the middle of the capillary.

Xuan et al. [73] later verified their numerical predictions
of both the axial temperature distribution and the radial ve-
locity profile in the liquid using fluorescence-based micro-
scale visualization techniques. They measured the liquid
temperature at a series of points inside a bare capillary by
monitoring the variation of fluorescence intensity emitted
from temperature-dependent rhodamine B dye. As seen in
Fig. 1, sharp temperature drops arise close to both the inlet
and outlet of the capillary due to thermal end effects while in
its main body a high-temperature plateau is shifted to the
downstream due to the advective flow effect. The higher the
electric field (and thus the larger electroosmotic velocity) is,
the more significant the inclination becomes. These predic-
tions are in good agreement with their whole-capillary
simulation [49].

The liquid velocity in electrokinetic microchannel flows
was obtained by visualizing the electrokinetic transport of
uncaged fluorescent dye. The predicted concave and convex
velocity profiles were observed in different regions of a cap-
illary. However, the measured profiles were more signifi-
cantly curved than those from the numerical simulation,
particularly in the middle region at high electric fields. In the
same experiment the measured average liquid velocities,
however, agreed well with their numerical predictions at

Figure 1. Comparison between numerically (solid lines) and
experimentally (markers) obtained temperature distributions
along the capillary axis 15 s after the indicated electric fields were
applied. Hollow and filled markers represent measurements in
different days. Adapted from ref. [73].

both transient and steady states. For details of the numerical
simulation and flow visualization, readers are referred to
Xuan et al. [73]. More recently, Tang et al. [74] used the
microparticle-image velocimetry technique (mPIV) to study
the influence of Joule heating on the profile of electroosmotic
velocity in a rectangular microchannel fabricated in PDMS.
As demonstrated in Fig. 2, these authors obtained a concave
(Fig. 2a) and a convex (Fig. 2b) flow profile close to the inlet
and middle of the microchannel, which agreed well with
their 3-D numerical simulation. Johnson et al. [75] also saw a
slightly convex velocity profile in a straight microchannel.
These observations further demonstrate the existence of
thermal end effects in electrokinetic microchannel flows as
discussed earlier.

As a consequence of the increased magnitude and the
curved profile of liquid velocity, the electrokinetic migration
of discrete sample zone is sped up while subject to extra
Taylor dispersion. This thermally originated dispersion is
mainly attributed to the induced pressure-driven liquid flow,
which is distinctly different from the previously addressed
thermal dispersion associated with the parabolic profile of
species electrophoretic velocity [17, 18, 23]. Xuan and Li [76]
developed an analytical model to address Joule heating
effects on the transport of heat, electricity, momentum, and
mass species in capillary electrophoresis. Compact formulae
were proposed for predicting the enhancing effect of Joule
heating on both electric current and throughput (i.e., flow
rate) in the presence of thermal end effects. However, these
authors admitted that their analytical model applied only to
cases with not-too-strong electric field due to the linear
assumption made in their derivation. This restriction was
recently released in Chein et al.’s [77] analytical model that
predicted in good accuracy the experimentally measured
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Figure 2. Comparison of electroosmotic flow velocity distribu-
tion along the transverse direction between mPIV experimental
results and numerical predictions for electrokinetic flow with
Joule heating effects in (a) entry region and (b) downstream
region of a PDMS:glass microchannel. Adapted from ref. [74].

temperatures. Their model, however, failed to predict prop-
erly the flow field because a uniform electric field had been
assumed throughout the channel.

Xuan and Li [76] also derived a close-form formula for the
electrokinetic migration of sample zone in capillary electro-
phoresis. Their formula reveals that the sample zone
migrates through the detector in a shorter time period (ad-
vantage) while at a broader peak width (and thus a lower
peak height, disadvantage). These influences are both
apparent in Fig. 3, which compares the concentration pro-
files of a sample zone at different time instants with and
without consideration of Joule heating effects. Similar

Figure 3. Mean concentration of a sample zone over the capillary
cross-section at different times. The solid lines indicate the dis-
tributions along the capillary with consideration of Joule heating
effects whiles those dashed lines are without Joule heating
effects. In both cases, the sample zone initially has a width of five
times the capillary internal radius and a unit concentration.
Adapted from ref. [76].

findings were also reported in Tang et al.’s [74, 78, 79]
numerical simulations, where the second order Crank–
Nicolson scheme was employed to minimize the numerical
diffusion. Hence, an optimum condition or a tradeoff be-
tween analysis time and species peak width might exist,
which certainly deserves further studies.

3.3 Axial temperature gradients due to nonuniform

cooling

By inserting the middle part of a capillary into a cooling
water-bath while remaining the rest parts in the air, Gaš [50]
studied the influence of nonuniform cooling on species
electrophoretic separation. Such variations of heat transfer
condition along the length direction often exist in capillary
electrophoresis with thermostating, where a short length of
the capillary at each end must be left outside the thermo-
stated cartridge for sample injection and detection. Since
these two regions are normally exposed to free air (i.e.,
unthermostated), the local liquid temperature is higher than
that in the middle region with forced-air (or liquid) cooling.
In other words, axial temperature gradients are induced
passively by the nonuniform dissipation of Joule heating.
Then, as we discussed earlier, the condition of current con-
tinuity requires that the electric field strength in the ther-
mostated region be higher than the rest, and the condition of
mass continuity forces the appearance of axial pressure gra-
dients causing different disturbances to the electroosmotic
flow field.

Xuan and Li [67] developed an analytical model to predict
the band broadening in capillary electrophoresis with axially
nonuniform cooling in terms of the theoretical plate height.
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By considering the continuity conditions of electric current
and flow rate through a capillary, they derived formulae for
the liquid temperature, electric field strength, liquid velocity,
sample velocity, and dispersion in each individual region as
referred to above. These authors demonstrated in Fig. 4 that
the plate height due to axial temperature gradients (HaxT,
refer to the left ordinate, in unit of mm) may be one order of
magnitude larger than that due to the radial temperature
gradients (HradT, refer to the right ordinate, in unit of nm),
and even comparable to that due to species diffusion (Hdif,
refer to the left ordinate). This model has been used to
explain the phenomena observed in Palonen’s experiments
[33, 34]. Moreover, the prediction of a concave velocity profile
in the thermostated region is supported by Sinton et al.’s
experiment [51], where a drop of immersion oil surrounding
a short length capillary of the middle section acted as the
thermostating cartridge. Figure 5a shows the image
sequence of uncaged fluorescent dye transport in the oil
viewing window, and Fig. 5b shows the temporal develop-
ment of the velocity profile with profiles obtained at different
times after the application of the electric field. Note that the
t = 20 s case corresponds to the image sequence.

Recently, Palonen et al. [35] observed higher separation
efficiency in nonaqueous electrophoretic separation with an
initial voltage ramp, which was stated to be of thermal origin.
Xuan et al. [80] later theoretically verified this statement in
some sense. By considering the temporal and spatial varia-
tions of the nonuniform temperature and flow fields, these
authors demonstrated that the application of an initial volt-
age ramp delays the development of Joule heating-induced
pressure-driven flows. The thermal dispersion is thus sig-
nificantly reduced resulting in the enhanced separation effi-
ciency. This enhancement is, however, only apparent in
noncoated capillaries, which is consistent with the reported

Figure 4. Theoretical plate heights at different electric fields. Htot

indicates the total plate height including the contribution from
molecular diffusion and Joule heating. Hideal indicates the mini-
mum plate height in capillary electrophoresis where diffusion is
the only source of band broadening. Note that only HradT refers to
the secondary Y-axis (i.e., right ordinate). Adapted from ref. [67].

Figure 5. Electrokinetic flow in a 200 mm id circular capillary at an
electric field of 15 kV/m: (a) image sequence of uncaged fluores-
cent dye transport with image timing inset. (b) Temporal devel-
opment of the velocity profile is shown with profiles obtained at
t = 0, 5, 10, and 20 s after the application of the electric field (the
t = 20 s case corresponds to the image sequence). Adapted from
ref. [51].

measurements in both aqueous and nonaqueous capillary
electrophoresis [81–83]. In coated capillaries where the elec-
troosmotic flow is suppressed, however, an opposite trend
was actually predicted. This issue may deserve further stud-
ies.

3.4 Other topics of interest

There have also appeared some other interesting topics re-
lated to Joule heating in electrokinetic microchannel flows.
Zhao and Liao [84] numerically studied the effect of Joule
heating on the electroosmotic pumping of liquids between
two parallel plates. By assuming isothermal conditions on
the two plates, they predicted a much lower pressure head
than that free of Joule heating. Maynes and Webb [85] theo-
retically analyzed the fully developed electroosmotic heat
transfer in slit and circular microchannels under constant
wall heat flux and constant wall temperature boundary con-
ditions. They found that the Nusselt number in electro-
osmotic flow is dependent on both the magnitude of Joule
heating and the relative channel size (i.e., ratio of channel
width to EDL thickness). Later, their analytical model was
extended by Horiuchi and Dutta [86] to consider the ther-
mally developing behavior of electroosmotic flows in two-
dimensional microchannels. In the range of low Reynolds
number (Re � 0.7), the Nusselt number was found inde-
pendent of the thermal Peclet number except in the ther-
mally developing region.

Rathore et al. [87] experimentally investigated the Joule
heating in packed capillaries for the use in capillary elec-
trochromatography by monitoring the electric current at
variable applied voltages. Based on the fact that Joule heat-
ing increases the electric conductivity of a liquid due to its
temperature dependence, heat dissipation was found to be

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com

xcxuan
Pencil



Electrophoresis 2008, 298, 33–43 Miniaturization 39

not always efficient under typical mobile and stationary
phase conditions. Similar findings were also reported in
Chen et al.’s [88] work. Kang et al. [89] presented a numer-
ical modeling of Joule heating effects on the transient tem-
perature field and electroosmotic flow field in a micro-
capillary packed with microspheres. Similar to Xuan et al.’s
[49, 73] and Tang et al.’s [74, 79] analyses in capillary elec-
trophoresis (open channel, free column), noticeable axial
temperature gradients occur in the thermal entrance region,
and axial pressure gradients are induced to maintain the
mass continuity.

Also of interest is the effect of Joule heating on the
stability of time-modulated electroosmotic flow. Through a
theoretical analysis, Chang and Homsy [90] concluded that
Joule heating generally acts to stabilize the liquid flow. In
addition, Wang et al. [91] examined analytically the effect of
Joule heating on sample dispersion in electrophoretic
separation microchannels. These authors stated that their
model could be used to determine the analyte dispersion
in microchannels of general shapes, for instance, serpen-
tine- or spiral-shaped channels. Recently, Evenhuis et al.
[92] used the conductance measurement to perform a sys-
tematic comparison of internal electrolyte temperatures
among fused-silica and a few other polymer capillaries.
They found that the average increase in the mean liquid
temperature is inversely proportional to the thermal con-
ductivity of each type of capillary material. They also pro-
posed a novel method of determining the liquid tempera-
ture at the capillary wall by measuring the electroosmotic
mobility [93]. This method in conjunction with the con-
ductance measurement can give rise to the temperature
profile across the capillary cross-section. More recently,
Xuan [94] revisited Joule heating in capillary electrophore-
sis by considering the increased conductivity within EDL.
He demonstrated that such contribution of the so-called
surface conductance [95] is generally negligible in terms of
the temperature profile.

4 Joule heating in electrokinetic
microfluidic chips

Very little work has been done on Joule heating in electro-
kinetic flow that takes place in microfluidic chips. It is
mainly due to the simultaneous presence of four separate
length scales: the chip size of centimeters, the channel
length of millimeters, the channel cross-sectional dimension
of micrometers, and the EDL thickness of nanometers.
Therefore, in the theoretical aspect, a full solution of the
temperature (extend to the whole chip due to thermal diffu-
sion) and flow (only in the fluid region) fields on all the four
length scales would require a prohibitive amount of memory
and computational time. In the experimental aspect, a novel
technique would have to be developed to measure the whole
chip temperature at a resolution of at least the same order of
channel cross-sectional dimension (i.e., micrometers).

Erickson et al. [96] first studied Joule heating in electro-
kinetic microfluidic chips. They used a combined experi-
mental (a microscale thermometry technique) and numer-
ical (a 3-D “whole-chip” finite element method) approach to
examine Joule heating and heat transfer at a T-shaped
microchannel intersection in PDMS:PDMS and PDMS:glass
microfluidic systems. At high electric field strengths, they
observed a nearly five-fold increase in the maximum liquid
temperature in the PDMS:PDMS chip over the PDMS:glass
chip. Figure 6 shows the comparison between numerically
and experimentally obtained temperature profiles for the
aforementioned two chips. These authors have also reported
a number of significant secondary effects of Joule heating
including the increased current load and the enhanced flow
rate.

Lim et al. [97] presented a theoretical study of the effect of
channel topologies on electrophoretic separations. They
demonstrated that topological patterns, such as finned
structures, can dramatically enhance a channel’s ability to
dissipate Joule heating and as well reduce the axial disper-
sion associated with the siphoning effect. This improvement
is especially beneficial to situations requiring large volu-
metric throughput, for example, in preparative or semi-

Figure 6. Comparison between numerically (left column) and
experimentally (right column) obtained temperature profiles in a
T intersection for (a) PDMS:PDMS and (b) PDMS:glass micro-
fluidic chips, respectively. In each case, a 2.05 kVelectric field was
applied to the inlet reservoirs while the outlet reservoir was
grounded, corresponding to an average electric field strength of
137 kV/m. Adapted from ref. [96].
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preparative scale operations. Recently, Huang and Yang [98]
investigated the effect of Joule heating on electrokinetic
focusing using a 2-D numerical simulation. It was found that
Joule heating causes two influences on the focusing ratio:
one is the enhanced thermal diffusion which broadens the
focused width, and the other is the induced nonuniform flow
field which may tighten or broaden the focused width
depending on the locally concave or convex flow profile.

5 Applications of Joule heating in
electrokinetic microfluidic devices

As discussed above, the major concern of Joule heating in
electrokinetic flow continues to be how to minimize the
temperature effects in microfluidic devices. In other words,
Joule heating is mostly viewed as a disadvantage to electro-
kinetic flow. In this section, however, we provide a brief
overview of some of the recent applications of Joule heating
in electrokinetically driven microfluidic devices, i.e., the ad-
vantage of Joule heating.

De Mello et al. [22] proposed the use of Joule heating of
ionic liquids as an effective method of controlling tempera-
tures with high precision and accuracy within microchannel
environments. The ionic liquid held in a corunning channel
was Joule heated with an AC current, and its temperature
could be extracted from the measured conductivity via the
known temperature function without need of on-chip ther-
mocouples. These authors demonstrated that temperatures
can be maintained to within 60.27C. A similar method to
control polymerase chain reaction (PCR) thermal cycling was
recently presented by Hu et al. [99], where the denaturation
(947C) and annealing/extension (637C) temperatures for the
amplification of E. coli DNA were controlled by adjusting the
electric current through the PCR solution. The switch be-
tween high and low currents and the dwelling at each cur-
rent level was implemented by a high-voltage sequencer that
had been programmed based on their numerical simulation.
Such a PCR PDMS chip required only a 1.3 W power input.

As mentioned earlier, axial temperature gradients are set
up in a channel with variable cross-sections due to nonuni-
form Joule heating. These temperature gradients can create
pH gradients when a proper medium is used, which holds
the potential for isoelectric focusing applications. Pawliszyn
and coworkers [100, 101] accomplished such focusing appli-
cations by utilizing nonuniform Joule heating along the axis
of first a tapered capillary and later a tapered plastic micro-
channel sandwiched between two glass slides [102]. In the
latter case, the thermally generated pH gradient separation
of proteins was demonstrated by focusing dog, cat, and hu-
man hemoglobins in Tris-HCl buffer that has a high pKa de-
pendence of temperature. More recently, Kates and Ren [53]
developed a 3-D numerical model to study the Joule heating
and heat transfer in a microfluidic chip with a diverging
microchannel. It was found that the channel geometry has
significant effects on the peak temperature location, while

the medium conductivity and the chip surface convection
influence the temperature gradients and thus the resultant
pH gradients. Their simulation also reveals the significance
of liquid flow effect on temperature distribution.

The nonuniform Joule heating in a channel with variable
cross-sections has also been used to realize the so-called
temperature gradient focusing (TGF) [52, 103, 104]. Ross and
Locascio [52] first demonstrated the TGF at a junction of two
microchannels of different cross-sectional area using an
8 mM Oregon Green 488 carboxylic acid. At an applied volt-
age of 1900 V, they achieved a temperature gradient spanned
from 23 to 397C with a maximum gradient of 1507C/mm,
with which a greater than 300-fold increase in concentration
was observed within 190 s. Based on the same principle, Kim
et al. [105] recently developed a simple variable-width PDMS
device, which could deliver rapid and repeatable electro-
kinetic focusing of model analytes using significantly lower
power than conventional TGF methods [103, 104]. This
microfluidic chip implemented simultaneous separation
and concentration of a mixture of 25 mM fluorescein-Na and
100 nM fluorescein isothiocyanate conjugate bovine serum
albumin (FITC-BSA) in 900 mM Tris-borate buffer in less
than 10 min.

Another topic of interest is the electrothermally induced
fluid flow that was recently exploited by Sigurdson et al. [106]
to enhance microfluidic immunosensors, for example,
immunoassays, by microstirring analyte near the functiona-
lized binding surface. Such flow is generated by the electro-
thermal force [107, 108] which stems from the interactions
between the nonuniform electric field close to an electrode
and the Joule heating-induced nonuniformities in liquid
conductivity and permittivity. Due to the normally circulat-
ing pattern of electrothermally induced fluid flow [109], see
Fig. 7c, the binding rate of antigen to immobilized ligands is
predicted in Sigurdson et al.’s simulation to increase by a
factor of 7 compared to the case with pressure-driven flow at
the optimized conditions. Figure 7 demonstrates the con-
centration plots of electrothermally modified channel flow
with a voltage of (a) 0 Vrms (i.e., pressure-driven flow) and
(b) 6 Vrms applied to the indicated electrodes. The influence
of the electrothermally induced pair of counter rotating vor-
tices on the concentration profile is apparent, see in Fig. 7c
the fluid velocity adjacent to the two electrodes obtained from
mPIV.

6 Concluding remarks and outlook

As discussed above, the majority of the work reported so far
on Joule heating in electrokinetic flow concerns only the
fundamental research, e.g., its effect on the flow profile of
liquid and the dispersion of sample species. Very little work
has been conducted on the applied research, e.g., can Joule
heating be used for the fine manipulation of liquid motion
and species transport? Therefore, future directions for re-
search may be focused on the application of Joule heating in
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Figure 7. Concentration plots of electrothermally modified
channel flow with applied voltages of (a) 0 and (b) 6 Vrms; (c)
shows the zoom-in fluid velocity field adjacent to the two work-
ing electrodes indicated in (b), which was obtained from mPIV at
an applied voltage of 7 Vrms. Adapted from ref. [107].

electrokinetic microfluidic devices. Some specific examples
may include but not necessarily restricted to: Joule heating-
induced axial temperature gradients for concentrating and
separating macromolecules (other than the TGF and iso-
electric focusing), for example, DNA; Joule heating-induced
lateral temperature gradients for optical waveguiding [110];
Joule heating assisted micromixing, etc. As to the future
directions for fundamental research, it may be interesting
and also important to examine the role of Joule heating in
electrokinetic instability with conductivity gradients [111], to
quantify the effect of Joule heating on sample stacking/
pumping with discontinuous conductivity, to determine the
appropriate thermal boundary conditions in a microfluidic
chip, and to develop a numerical method for the efficient
simulation of Joule heating at a whole chip level.
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