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A pulsed UV excimer laser (KrF, 248 nm) was used to
modify the surface charge on the side wall of hot-
embossed microchannels fabricated in a poly(methyl
methacrylate) substrate. Subablation level fluences, less
than 2385 mJ/cm2, were used to prevent any changes in
the physical morphology of the surface. It is shown that
the electroosmotic mobility, induced by an electric field
applied along the length of the channel, increases by an
average of 4% in the regions that have been exposed to
UV laser pulses compared to nonexposed regions. Fur-
thermore, application of UV modification to electroosmotic
flow around a 90° turn results in a decrease in band
broadening, as measured by the average decrease in the
plate height of 40% compared to flow around a nonmodi-
fied turn. The ability to modify the surface charge on
specific surfaces within a preformed plastic microchannel
allows for fine control, adjustment, and modulation of the
electroosmotic flow without using wall coatings or chang-
ing the geometry of the channel to achieve the desired flow
profile.

The field of microfluidics is predicated on the concept of
reducing laboratory-bench analytical chemistry instruments to
miniature systems that are interconnected with micrometer-scale
channels. To date, the majority of the devices reported in the
literature, as well as those that are commercially available, have
been fabricated using silica-based materials.1-3 However, poly-
meric materials are increasingly being used in microfluidic
systems primarily because they offer the possibility of easy and
inexpensive fabrication.4-8

With silica-based or polymeric devices, fluid transport within
the microchannels can often be achieved using electrokinetic,3,9-11

thermal,12,13 or mechanical pumping.14 Electrokinetic pumping has
been the most common method for fluid transport due to its
simplicity and because sample dispersion within the channel is
minimal compared to dispersion induced by nonelectrically driven
flow.15,16 Electrokinetic flow results when an electric field that is
applied along the length of the channel interacts with the charged
ions in the electric double layer near charged surfaces. The
interaction forces the mobile ions in the double layer to exhibit a
net migration, which leads to drag-induced bulk fluid flow.

Since the induced fluid motion is a wall-driven phenomenon,
differences in the surface chemistry and surface charge from
channel to channel, or spatially within a single microchannel, can
have dramatic effects on the flow profiles, flow rates, and
separations that occur within devices that utilize electrokinet-
ics.4,6,15 Because of this variability, or the desire to controllably
enhance or suppress the wall charge, researchers have developed
techniques for rendering a uniform surface charge. For electro-
osmotic applications in silica and glass, covalent,17,18 noncovalent,19
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and dynamic20 wall coatings have been used. Similarly, dynamic
coatings,21,22 polyelectrolyte multilayers,23,24 and surface chemical
modifications25 are beginning to be used in polymer microchan-
nels.

In this paper, we report the use of an alternative approach for
chemically modifying imprinted microchannels in polymer sub-
strates. We will describe a method that uses a UV excimer laser
to locally alter the chemistry and charge of a surface within a
previously formed microchannel in poly(methyl methacrylate)
(PMMA), but without ablating or changing the physical dimen-
sions of the preformed channel. Previous researchers have
documented that the surface properties (hydrophobicity, chemical
functionality, surface charge) of laser ablated surfaces are altered
compared to the surfaces of the native material or of microchan-
nels formed by other techniques.4,6,26,27 Recently, it was reported
that changes in the surface properties were not limited to ablation
level laser pulses but that there is a measurable change in the
polymer’s surface chemistry, which results in an increased surface
charge when exposed to UV pulses below the ablation threshold.28

It is this subablation regime, combined with the spatial resolution
of the excimer laser, that is utilized in this paper to modify local
electrokinetic flow profiles within preformed microchannels.

A specific application of this surface modification technique is
to reduce the band-broadening effects that occur due to electro-
kinetic flow around turns. It has been well documented that an
analyte band will become distorted, or skewed, as it travels around
a turn due to differences in the path length and differences in the
magnitude of the electric field between the inside and the outside
of the turn.29-31 Recently, many researchers have been attempting
to develop microchannel turns that minimize band broadening
by changing the microchannel geometry, i.e., the radius of
curvature or the channel width.32-35 While these channel designs
are successful, they often incorporate a decrease in channel width
at the turn, which can lead to a dramatic increase in the electric
field and Joule heating. As an alternative to altering the channel
geometry, we propose to increase the surface charge on the
outside wall of the turn to compensate for the decreased electric

field and increased path length. In this paper, we demonstrate
the use of localized surface modifications by UV exposure to
reduce dispersion in electrokinetic flow around turns. To our
knowledge, this is the first report in the open literature that
describes the combined use of laser patterning within preformed
microchannels to locally affect and modulate flow.

EXPERIMENTAL SECTION
Reagents and Materials. Fluorescein bis(5-carboxymethoxy-

2-nitrobenzyl) ether dipotassium salt (CMNB-caged fluorescein
dye), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDAC), and 5-(aminoacetamido) fluorescein were used
as supplied by Molecular Probes (Eugene, OR). All buffer
solutions were made using deionized water from a Millipore
Milli-Q system (Bedford, MA). Caged dye solutions were prepared
by dissolving ∼1 mg of CMNB-caged fluorescein solid in 500 µL
of 20 mM (The accepted SI unit of concentration, mol/L, has been
represented by the symbol M in order to conform to the
conventions of this journal.), pH 9.4 carbonate buffer and were
filtered before use with syringe filters (pore size 0.8 µm). The
EDAC and aminofluorescein were dissolved in 100 mM, pH 7
phosphate buffer to make a solution with a final concentration of
0.5 mM EDAC and 0.5 mM aminofluorescein.

Microchannels were made using UV-transparent PMMA sheet
(Acrylite OP-4, Cyro Industries, Mt. Arlington, NJ). The glass
transition temperature of PMMA is typically in the range of 100-
120 °C. PMMA was chosen as the substrate material because it
has a low absorption cross section at 248 nm (the wavelength of
the excimer laser) and therefore allows us to more easily
investigate subablation modification of the polymer’s surface.
Furthermore, it was necessary that the material be transparent
to 337-nm light in order to perform the flow monitoring studies
by the uncaging method. Nonetheless, because of the range of
available light sources, the results of this study are not limited to
PMMA.

Hot Imprinting Method. Prior to imprinting, the PMMA
substrate was cleaned with compressed air. Channels were
imprinted in the substrate material using a silicon stamp with a
trapezoidal-shaped raised straight or 90°-turn channel.5 The
PMMA was placed over the silicon stamp, the two items were
placed between two aluminum heating blocks, and the tempera-
ture was raised to 110 °C. The assembly was then placed in a
hydraulic press, and a pressure of 5.1 MPa (740 psi) was applied
for 1 h. The imprinted substrate was then removed from the
template and allowed to cool to room temperature. Channel
dimensions were measured by optical profilometry.

Laser Modification Method. A 248-nm excimer laser system
(LMT-4000, Potomac Photonics, Inc., Lanham, MD) was used to
surface-modify the PMMA at fluences below the ablation thresh-
old. The laser ablation threshold is defined for this study as the
minimal fluence level where there is noticeable mass loss or
morphological change to the surface of the PMMA substrate as
observed from SEM images. The excimer laser system28 contains
a laser light source, a round aperture (592-µm diameter) for
delimiting the size and shape of the beam, a focusing lens (10×
compound), a visible light source, a CCD camera to image the
ablation process, and a controllable X-Y stage with a vacuum
chuck to hold the substrate in place. The size-delimiting aperture
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was chosen such that there would be minimal UV exposure to
surfaces other than the channel’s side wall. Also, a gas nozzle
was present to sweep nitrogen over the substrate during process-
ing, and a vacuum nozzle was located on the opposite side of the
stage to remove debris. For the experiments conducted here, the
X-Y stage was moved linearly at a rate of 1 mm/s, exposing the
PMMA over the length of the channel such that the light exposed
only one surface within the preformed channel, as shown in Figure
1. For the experiments in a straight channel, one side wall was
modified over the entire length of the channel, whereas for the
channel with a 90° turn, only a length of 500 µm of the outer wall
on one arm of the turn was modified. The average power level
per pulse was set to 2.58 µJ, σ ) 0.10 µJ for the experiments in a
straight channel and 4.50 µJ, σ ) 0.16 µJ for the experiments in
a 90°-turn channel. The average power per pulse, and correspond-
ing standard deviation, were determined by three measurements
of 100 pulses with an Energy Max 400 laser energy meter from
Molectron Detector, Inc. (Portland, OR). The frequency of pulses
was set to 200 Hz, with a constant pulse width of 7 ns. The light
after being focused exposed a circular area of 1.90 × 10-6 cm2.

Fluorescent Labeling of Surface Carboxylate Groups.
Fluorescent labeling of the surface was used to image the charge
density. The protocol used for labeling the surface carboxylate
groups within the microchannels was a modification of a previously
reported procedure.36 The substrate with the uncovered micro-
channel (without the ‘lid’) was immersed in the EDAC/amino-
fluorescein solution for 15 h followed by an agitated rinse with
100 mM phosphate buffer, pH 7, then 138 mM carbonate buffer,
pH 9.5, and then a final agitated rinse with the phosphate buffer.
The channels were then filled with the phosphate buffer under a
glass cover slip. The fluorescence associated with the carboxylate
surface groups was then viewed by fluorescence microscopy using
a 20× objective, a mercury lamp, a fluorescein filter set, and a
CCD camera for detection. Since the PMMA intrinsically fluo-
resces prior to EDAC/aminofluorescein labeling, the average net
intensity presented in this paper is the difference between the
average measured intensity from the recorded fluorescence image
and the average background fluorescence that was measured prior

to placing the sample in the EDAC/aminofluorescein solution. The
fluorescence intensity for each channel was measured before and
after labeling and at three separate locations along the length of
each channel.

Microchannel Sealing Procedure. For the electroosmotic
flow studies, the preformed microchannels were covered and
thermally sealed with a similar, flat piece of PMMA, referred to
as the “lid”. Circular, 3-mm-diameter, holes in the lid provided
access to the channels and served as fluid reservoirs. Prior to
bonding, the lid and the channel were cleaned with a compressed
nitrogen jet. The lid was then placed on top of the channel, and
the two pieces were clamped together between microscope glass
slides and bonded by heating in a circulating air oven at 103.0 (
0.5 °C for 12 min. It is important to keep the time and temperature
as low as possible in the sealing process to avoid physical
alteration of the microchannel surface.

Flow Image Acquisition. The system and procedure for
uncaging the caged fluorescein and acquiring the corresponding
flow images has been described in detail in a previous publica-
tion;15 however, a brief overview will be presented here. Uncaging
of the fluorescein dye in the microchannels was performed using
the output of a pulsed nitrogen laser (337 nm, pulse duration <4
ns, pulse energy 300 µJ) that was focused onto the channel
through a 5× microscope objective. The angle of incidence of the
laser pulse relative to the top surface of the lid was set to 55°, so
that the “footprint” of the laser pulse at the plane of the
microchannel was spread into a line 5 µm wide and 300 µm long.
An important consideration in using this technique is that the
materials used in the fabrication of the microchannels must be
transparent at the wavelength of the uncaging pulse.

Fluorescence imaging of the uncaged dye was performed using
a research fluorescence microscope equipped with a long working
distance objective (10× for channels with 90° turn, 20× for straight
channels), a mercury arc lamp, a fluorescein filter set, and a video
camera (COHU, San Diego, CA). Digital images were acquired
using Scion Image software and a Scion LG-3 frame grabber
(Scion, Inc., Frederick, MD). The camera signal was interlaced,
so that on each frame of acquired video, the odd-numbered and
even-numbered horizontal lines represented distinct video fields.
After capturing the images, the data were processed to separate
the odd and even fields, providing a data rate of 60 images/s.

Measurement of Electroosmotic Flow. To image and
measure the electroosmotic flow, the microchannels were filled
with the caged dye solution. An equal amount (typically 50 µL)
of solution was placed in each of the fluid reservoirs, and platinum
electrodes were placed in contact with the solution in the
reservoirs. The microchannel was placed beneath the fluorescence
microscope as described in the previous section and aligned so
that it was perpendicular to the line formed by the uncaging pulse.
Sequences of images were acquired at several different applied
voltages, beginning and ending with zero applied voltage to verify
that the magnitude of the mean velocity resulting from pressure
gradients along the channel was less than 10 µm/s. The current
through the microchannel was determined by measuring the
voltage drop across a 100-kΩ resistor (typically less than 1/1000

the resistance of the microchannel) connected to the high-voltage
supply in series with the microchannel.

(36) Hermanson, G. Bioconjugate Techniques; Academic Press: San Diego, CA,
1996; pp 172-173.

Figure 1. Schematic of the side and top views, and the corre-
sponding electroosmotic flow profiles, of (a) a nonmodified and (b) a
UV-modified, hot-imprinted microchannel. (b) Depicts the surface that
was UV modifed.
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Safety considerations: UV laser energy is dangerous and
standard laboratory safety equipment should be used, including
protective eyewear.

RESULTS AND DISCUSSION
Carboxylate Labeling of Microchannels. The EDAC/amino-

fluorescein labeling of surface carboxylate groups was conducted
on hot-imprinted, straight channels and hot-imprinted, straight
channels with a UV-modified surface. A total of four acrylic
substrates were imprinted with three imprinted channels per
substrate. Two of the four substrates were used for the UV
modification studies. The average net fluorescence profiles related
to the concentration of carboxylic acid groups and the standard
errors of the mean of the measurements across the width of the
channels are shown in Figure 2. From this figure, it can be seen
that there is a statistical increase in the number of carboxylate
groups present on the UV-modified wall compared to the non-
modified imprinted channel. The increase in the number of
carboxylate groups due to UV subablation exposure is in agree-
ment with previously published data28 and results in an increased
surface charge.

Caged Fluorescein Flow Studies. Straight Channels. Using
the caged fluorescein dye, we have observed electroosmotic flow
in a single, straight channel without a UV-modified surface at
electric fields of 266, 532, and 718 V/cm and with a single, UV-
modified surface at 244, 488, and 732 V/cm. The experiment was
repeated twice at each applied field. The dimensions of the
straight, trapezoidal-shaped channels are 73 µm wide at the top,
25 µm wide at the bottom, and 31 µm deep. A time series of images
for electrokinetic flow in a nonmodified and a UV-modified,
straight microchannel are shown in Figure 3a,b for applied fields
of 532 and 488 V/cm, respectively. A comparison of panels a and
b of Figure 3 clearly shows that there is an increase in the
electroosmotic mobility, resulting from an increase in the surface
charge, over the region of the microchannel that has been UV-

modified. This is in agreement with the carboxylate labeling study
presented in Figure 2.

For the nonmodified, straight microchannel (Figure 3a), there
is a small deviation from ideal plug flow with a slightly greater
velocity in the middle of the channel than at the edges due to a
nonuniform density of surface charges28 and a nonuniform
temperature profile.37 Also, for the experiments in the UV-
modified, straight microchannel (Figure 3b), there appears to be
some tailing of the caged dye fluorescence at the edges of the
UV-modified surface. This tailing is due to a nonuniform charge
on the wall, resulting from the fact that the width of the UV pulse
was slightly less than the width of the channel wall. The beam-
defining aperture and corresponding magnification resulted in a
15.5-µm-diameter UV exposure on the surface of the PMMA. The
projected width of the side wall is 22.5 µm; thus, there will be
non-UV-modified regions on either side of the exposure area, if
the beam were perfectly centered over the side wall. This
unexposed region has a lower surface charge than the UV-
modified region, as shown in Figure 2, and results in the decrease
in the electrokinetic flow, and the tailing effect, as shown in the
Figure 3b.

Increase in Electroosmotic Velocity. To investigate the
increase in the electroosmotic mobility between the UV-modified
surface and the opposing nonmodified side wall of the straight
channel shown in Figure 3b, the average velocities, utot, of the
uncaged dye within 13 µm from the sides of the channel were
determined. This was done by calculating the position of the center
of the sample as a function of time within this region. The center
of the uncaged dye was calculated numerically and is defined as
the point at which half the total integrated intensity was equally
distributed to the left and right.

Since the uncaged fluorescein dye is charged, the measured
velocity is equal to the sum of the electrophoretic and electro-
osmotic velocities. The electrophoretic mobility was calculated
from the measured diffusion coefficient,15 D0 ) (4.6 ( 0.2) × 10-6

cm2/s, using the Nernst-Einstein relation to give µEP
0 )

(-3.4 ( 0.2) × 10-4 cm2/V‚s for small electric fields. At higher
electric field, µEP increases due to Joule heating since, like the
conductivity, it is proportional to 1/η, where η is the buffer
viscosity. Consequently, the electrophoretic velocity can be
calculated as uEP ) µEP

0 E(R0/R), where E is the electric field, R is
the microchannel resistance, and R0 is the resistance extrapolated
to zero field. The electroosmotic mobility is then given by µEO )
(utot - uEP)/E. The average ratio of the electroosmotic mobilities
of the UV-modified side wall, µEO

UVMod, and the opposing non-
modified side wall, µEO

NoMod, for the images shown in Figure 3b is
µEO

UVMod/µEO
NoMod ) 1.0423. This corresponds to an average in-

crease in the electroosmotic flow of 4% for the modified versus
the nonmodified wall. The standard error of the mean of the ratio
of electroosmotic mobilities is 9.6 × 10-3. Similar calculations were
done for the images shown in Figure 3a, and the average ratio of
the electroosmotic mobilities between the two opposing side walls
was µEO

SideWall1/µEO
SideWall2 ) 0.9965, with a standard error of the

mean equal to 0.7 × 10-3. A two-sample t-test assuming nonequal
variances for the ratio of electroosmotic mobilities indicates that
there is greater than 95% probability that the two mobility ratios
are statistically different.

(37) Ross, D.; Locascio, L. E. Anal. Chem. In press.

Figure 2. Average net fluorescence intensity profile of aminofluo-
rescein labeled carboxylate groups on the surface of the nonmodified
and UV-modified, hot-imprinted microchannel. Error bars represent
the standard error of the mean.
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The relationship between the electroosmotic mobility and the
zeta potential, ú, is given by Smoluchowski’s equation µEO )
-εεïú/η, where ε is the dielectric constant of the buffer and εï is
the permittivity of free space. A ú of -84.3 mV is obtained for a
nonmodified wall by assuming the viscosity of water at 298 K, a
dielectric constant of 78.5, and an average electroosmotic mobility
of 6.5 × 10-4 cm2/V‚s from measurements taken over the range
of 50-750 V/cm. A 4% increase in the electroosmotic mobility
for the UV-modified wall would then translate into a ú of -87.9
mV. However, when the 4% increase in the electroosmotic mobility
was being determined, it was not possible to account for the Taylor

dispersions of the uncaged dye that results from any nonequal
surface charge densities between walls of the channel. This
dispersion becomes especially important when the mobility in the
region between the UV-modified wall and the lid is being
calculated. Since the peak dispersions will act to retard the
calculated increase in the electroosmotic mobility for the UV-
modified surface, and therefore the ú, the actual increase in ú is
probably greater than 4%. For a further discussion of the effects
of differing charge densities between the walls of a microchannel
on the electroosmotic flow, the reader is referred to Bianchi et
al..38

Caged Fluorescein Flow Studies. 90o-Turn Channels.
Using the caged fluorescein dye, we have also observed the
electroosmotic flow for various applied fields in a single hot-
imprinted channel and a single hot-imprinted channel with a UV-
modified surface, for channels with a 90° turn. The experiment
was repeated twice at each applied field. The dimensions of the
trapezoidal-shaped channels are 57.5 µm wide at the top, 36.2 µm
wide at the bottom, and 26.0 µm deep prior to the turn and are
52.0 µm wide at the top, 29.0 µm wide at the bottom, and 26.0 µm
deep after the turn. For this experiment, the width of the side
walls was more closely matched with the width of the UV excimer
exposure area to minimize the tailing effect previously discussed
for Figure 3b. A white light image of a UV-modified, 90°-turn
microchannel is shown in Figure 4a. Also, a time series of images
for electrokinetic flow in a nonmodified, 90°-turn microchannel
and a time series of images for flow in a UV-modified, 90°-turn
microchannel are shown in panels b and c of Figure 4, respec-
tively. The applied electric fields were 454 and 476 V/cm for the
experiments in the nonmodified and UV-modified channel, re-
spectively. Figure 4c clearly shows that there is a decrease in the
tailing of the uncaged fluorescein band as it exits the UV-modifed
region compared to the band located at a similar position within

(38) Bianchi, F.; Wagner, F.; Hoffmann, P.; Girault, H. H. Anal. Chem. 2001,
73, 829-836.

Figure 4. (a) Top view, white light image of a UV-modified, 90°-
turn microchannel. Top view, electroosmotic flow profiles as observed
by fluorescence microscopy in (b) a nonmodified and (c) a UV-
modified, 90°-turn microchannel, and an applied electric field of (b)
454 and (c) 476 V/cm. The time step between peaks was (b) 0, 83,
and 417 ms and (c) 0, 67, and 333 ms. Note the reduction in band
broadening for the UV-modified turn at later times.

Figure 3. Top view of electrokinetic flow profiles as observed by fluorescence microscopy for (a) a nonmodified and (b) a UV-modified,
hot-imprinted microchannel with an applied electric field of (a) 532 and (b) 488 V/cm, respectively. Note that the flow profile at later times is
skewed in (b) compared to (a) due to the increased electroosmotic flowrate over the UV-modified surface. The time step between images was
50 ms.
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the nonmodified channel, Figure 4b. It should be noted that while
the electric fields differed slightly between the two experiments,
a direct comparison of band broadening can still be made when
comparing plate heights, as discussed below.

Reduction of Band Broadening. The plate height, H ≡ 2Deff/
uEO, for nonmodified and UV-modified, 90°-turn channels as well
as nonmodified, straight channels was calculated to investigate
the reduction in band broadening for electroosmotic flow around
UV-modified, 90°-turn channels. The quantities Deff and uEO are
the effective diffusion coefficient and the electroosmotic velocity
(as calculated above), respectively. The effective diffusion coef-
ficient incorporates dispersion of the caged dye due to diffusion,
Taylor dispersion, and Joule heating, and it is calculated by
measuring the width of the uncaged dye as a function of time.
The width of the dye peaks was measured from the fit to the data,
which was a Gaussian peak shape for the dye in the straight
channel and in the 90°-turn channel prior to the turn. As the dye
exited the turn, the data was fit to a summation of two Guassian
peaks because this shape was able to best fit the data and to
capture the tailing induced by flow around the turn. The width,
w, of the fluorescence peak was defined as the distance between
the right and left edges of the curve fits. The left edge was defined
as the point at which 10% of the integrated area was to the left
and 90% was to the right, and the right edge as the point at which
90% was to the left and 10% to the right. Similarly, the center of
the peak was defined as the point at which half the total integrated
intensity was to the left and half was to the right. The effective
diffusion constant can then be determined by fitting the data to
the form

where t is the time and the factor of 13.139 gives the correct
relation between w as defined above and the diffusion constant
for a fully integrated Gaussian peak shape. To properly analyze
the reduction in band broadening in the UV-modified turn, the
two peaks that were chosen to determine the effective diffusion
coefficient were the first peak after the uncaging pulse and the
first peak whose midpoint and half peak width were located
beyond the modified region. For the nonmodified, 90°-turn
channel, peaks at similar locations were analyzed.

The plot of plate height versus electroosmotic velocity for the
various microchannels is shown in Figure 5. The solid line is the
limiting case of 2D0/uEO, and the dashed line shows the effect of
uniform Joule heating. From this figure it can be seen that the
use of UV modification results in a 40% reduction, on average, in
the plate height compared to flow around a nonmodified, 90° turn.

CONCLUSIONS
We have shown that a pulsed UV excimer laser can modify

the surface chemistry and surface charge of a previously imprinted
microchannel in PMMA, without changing the physical dimen-
sions of the channel. Fluorescence results from carboxylate
labeling experiments confirm a statistical increase in the number

of carboxylate groups on UV-exposed surfaces, which leads to an
increase in the surface charge, compared to nonmodified surfaces.
The increase in the surface charge is confirmed by the electro-
kinetic flow studies with the caged fluorescein dye. Results show
that the electroosmotic mobility increases by an average of 4%
with UV-modified surfaces compared to nonmodified surfaces
without changing the channel morphology. Furthermore, it has
been shown that UV modification can be used to reduce the band-
broadening effects of electroosmotic flow around turns. Results
show that a 40% reduction in the plate height can be achieved by
modifying the outer wall of the turn with subablation level pulses.
These results suggest that UV exposure can spatially modify
surface charges to create desired electrokinetic flow profiles,
without the use of wall coatings or the need to change the channel
dimensions.
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Figure 5. Plate height as a function of electroosmotic velocity for
flow around nonmodified and UV-modified, 90°-turn microchannels
compared to flow in straight microchannels. The solid line is the
limiting case of H ) 2D0/uEO. The dashed line shows the expected
effect of increased diffusion due to uniform Joule heating.
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