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Comparison of Experiments and
Simulation of Joule Heating in ac
Electrokinetic Chips
ac electrokinetic manipulations of particles and fluids are important techniques in the
development of lab-on-a-chip technologies. Most of these systems involve planar micro-
electrode geometries, generating high strength electric fields. When these fields are ap-
plied to a dielectric medium, Joule heating occurs. Understanding electrothermal heating
and monitoring the temperature in these environments are critical for temperature-
sensitive investigations including biological applications. Additionally, significant
changes in fluid temperature when subjected to an electric field will induce electrohydro-
dynamic flows, potentially disrupting the intended microfluidic profile. This work inves-
tigates heat generated from the interaction of ac electric fields and water at various
electrical conductivities (from 0.92 mS/m to 390 mS/m). The electrode geometry is an
indium tin oxide (ITO) electrode strip 20 �m wide and a grounded, planar ITO substrate
separated by a 50 �m spacer with microfluidic features. Laser-induced fluorescence is
used to measure the experimental changes in temperature. A normalization procedure
that requires a single temperature-sensitive dye, Rhodamine B (RhB), is used to reduce
uncertainty. The experimental electrothermal results are compared with theory and com-
puter simulations. �DOI: 10.1115/1.4000740�
Introduction

Micro-electrode structures are used in ac electrokinetics to gen-
rate strong electric fields for manipulating suspended micro- and
anoparticles as well as fluids in lab-on-a-chip systems. One such
lectrokinetic technique, dielectrophoresis �DEP�, is used as a
oninvasive means to selectively manipulate and capture sus-
ended particles in microfluidic devices �1�. When conductive,
lectrically neutral particles are subjected to an electric field, they
ill polarize, inducing applied moments on the particle. If the

lectric field is nonuniform, there will be an imbalance of mo-
ents, resulting in DEP and particle translation. The strength and

irection of the DEP forces are dependent on the dielectric prop-
rties of the particle and fluid, as well as on the electric field
trength. DEP has been used to manipulate micro- and nanometer-
ized particles �2,3� as well as DNA �4�, viruses �5�, and bacteria
6�. ac electroosmosis �ACEO� is another electrokinetic technique
eferring to the electrokinetic pumping of ionic fluids using ac
ignals �7,8�. The tangential component of the electric field near
he electrode interface acts upon charges in the double layer, re-
ulting in fluid motion. Fluid velocities in the order of mm/s can
e achieved with an applied potential of a few V �8�.

The strong electric fields necessary for DEP and ACEO are
ypically generated with fabricated, micrometer-sized electrodes
nd with an applied ac signal using commercially available bench-
op signal generators. Various electrode geometries are used for
EP and ACEO, including interdigitated, comblike structures

6,7,9� for fluid and particle manipulation and single-particle DEP
rapping arrangements such as point-and-lid �10�, quadruple �11�,
nd octopole �12,13� electrodes. The applied ac signals for DEP
nd ACEO are typically 0–20 V and frequencies typically between
kHz and 10 MHz. The dielectric properties of the fluid medium

re dependent on the specific application. Electrical conductivities
f the fluid range from deionized �DI� water ��5.0 �S /m� to
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biological growth media ��1 S /m�. DEP experiments incorporat-
ing low-conductivity growth media and bacteria have also been
reported �14�.

These strong electric fields will act on the conducting fluid
medium, resulting in Joule heating. This could harm temperature-
sensitive biological samples. In addition, the heating changes the
conductivity and permittivity of the fluid—the applied electric
field will act on these dielectric gradients resulting in electrother-
mal fluid motion �15–18�. Both Joule heating and electrothermal
fluid pumping could be unwanted effects for electrokinetic lab-on-
a-chip systems.

It is important to monitor the effects of Joule heating in elec-
trokinetic microsystems. There are a variety of temperature mea-
suring techniques that have been incorporated at this scale �19�.
Thermocouples can be incorporated into the microchannel �20� or
can be fabricated on the channel surface �21,22�. Similarly, resis-
tance temperature detectors have been used to monitor heat trans-
fer, with their resistive elements fabricated along the microchan-
nel surface �23,24�. Each of these techniques, however, requires
precisely controlled fabrication. Thermochromic liquid crystals
�TLCs� have also been used for temperature measurements due to
their unique, temperature-dependent optical properties. TLC slur-
ries and paints can achieve measurement resolution to approxi-
mately 1 �m �25� while encapsulated crystals have been used for
simultaneous velocity and temperature measurements �26� as well
as transient temperature measurements �27,28�. Infrared thermog-
raphy has been used to measure the boiling characteristics in mi-
crochannels �29,30�. However, infrared thermography can only be
used to measure surface temperatures.

Particles exhibit random movement due to their interaction with
liquid molecules, a phenomenon called Brownian motion. The
suspended particle’s displacement due to Brownian motion is pro-
portional to temperature. Both microscale particle tracking and
particle image velocimetry thermometry techniques have been
adapted in order to measure Brownian motion and determine tem-
perature �31–34�. However, these techniques were not imple-
mented for our experiments as the translation of the tracer par-
ticles was affected by DEP and electrokinetic hydrodynamics.
Due to these hindrances, an alternate nonintrusive temperature

measurement method that did not use tracer particles was chosen.
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Among the various methods available, laser-induced fluores-
ence �LIF� is capable of making nonintrusive temperature mea-
urements within a volume of liquid. For LIF thermometry, the
emperature-dependent fluorescent intensity of dyes is utilized to

easure temperature. LIF has been used at the microscale previ-
usly �35–37�. Two dyes can be used to eliminate uncertainty due
o nonuniform illumination �38–40�, where the temperature-
nsensitive dye is used to normalize the intensity of the
emperature-sensitive dye. In general, Rhodamine B �RhB� and
hodamine 110 �Rh110� are used as the temperature-dependent
nd temperature-independent dyes, respectively. This normalized
echnique is referred to as the ratiometric laser-induced fluores-
ence thermometry �R-LIFT� method or the dual emission laser-
nduced fluorescence �DELIF� method. We have used the R-LIFT

ethod previously for microscale fluid investigations �41�. Here, a
ormalization procedure that requires a single dye, first used by
oss et al. �37� to measure Joule heating for electroosmotic flow,
as applied. What differentiates the present investigation from
revious work �37� is the comparison of temperature measure-
ents to numerical simulations for Joule heating in ac electroki-

etic chips.

Electrothermal Theory
In order to estimate the temperature rise due to Joule heating

he energy balance equation needs to be solved �17,18� as follows:

�mcp��T/�t + �v · ��T� = k�2T + ���E�2� + Q �1�

here �m is mass density, cp is the heat capacity, T is temperature,
is velocity, k is thermal conductivity, � is the electrical conduc-

ivity of the liquid, E is the electric field, and Q is a heat source.
his equation can be simplified for ac electrokinetic microsys-

ems. The applied ac electric field produces an oscillating tem-
erature component. Scaling analysis by Ramos et al. �17� dem-
nstrated that for a characteristic length scale of 20 �m �the
idth of electrodes used herein� thermal equilibrium is established
ithin 1 ms of applying the electric field. Therefore, the oscillat-

ng temperature component can be neglected for frequencies
reater than 1 kHz. Heat convection is negligible when compared
ith heat conduction as shown with a dimensional analysis of the

econd term in Eq. �1�,

��mcp�v · ��T�/�k�2T� 	 �mcpvl/k � 0.07 �2�

here l is the characteristic length of the system �l�100 �m�
nd the variables are cp=4.18�103 J kg−1 K−1, k
0.6 J m−1 s−1 K−1, �m=1000 kg m−3, and v�100 �m /s

17,18�. This ratio of convective to conductive heat transfer is a
orm of the Nusselt number. Further, if we assume that the electric
eld is the only source of generated heat �Q=0�, then Eq. �1�
implifies to

k�2T + ���E�2� = 0 �3�

his equation is used in numerical models to calculate Joule heat-
ng for the microsystem.

A similar nondimensional analysis can be applied to the above
xpression �17�,

k�T/l2 	 �Vrms
2 /l2 → �T 	 �Vrms

2 /k �4�
he above analysis shows that the change in temperature is pro-
ortional to the conductivity of the fluid medium ��� and propor-
ional to voltage squared �V2�. These electrothermal trends will be
ompared with the results from numerical simulations and experi-
ents.

Theory of LIF Thermometry
For laser-induced fluorescence, the dependence of fluorescence

adiation If on the concentration of the dye C can be expressed

ith
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If = 	c
I0�1 − e−�bC� �5�

where 	c, 
, I0, �, and b are the collection efficiency, quantum
efficiency, incident irradiation, molar absorptivity, and absorption
path length, respectively. Equation �5� can be simplified at low
concentrations of the dye, when less than 5% of the incident irra-
diation is absorbed,

If = 	c
I0�bC �6�
Factors such as photobleaching, nonuniform illumination, non-

uniform dye concentration, and fluctuations of light can all affect
LIF measurements. Uncertainty due to illumination variations can
be minimized using the two-color LIF method and ratiometric
normalization methods. Typically RhB is the temperature-
sensitive dye and Rh110 is the temperature-insensitive dye. How-
ever, Rh110 is, in fact, temperature-dependent ��0.1% K−1�, just
not as strongly as RhB ��2.0% K−1� �39�. The ratio of their fluo-
rescent intensities can be written as

IRhB/IRh110 =
	CRhB
RhB�RhBCRhB

	CRh110
Rh110�Rh110CRh110
�7�

This expression is independent of incident irradiation �I0� and
absorption path length �b�. The absorption spectral intensity ratio
and the molar absorptivity ratio are nearly temperature-
independent while the quantum efficiency ratio depends on tem-
perature. If the fluorescence of the dyes does not depend on the
pH of the solution, then this intensity ratio is only dependent on
temperature for a fixed concentration ratio �42�. Proper R-LIFT
measurements require careful calibration to correlate the fluores-
cence intensity ratio of the dyes to the temperature of the fluid.

The calculated normalized image INR-LIFT for the R-LIFT can
be expressed as

INR-LIFT =
IRhB/IRh110

I0−RhB/I0−Rh110
�8�

where I0−Rhb and I0−Rh110 denote images for the two dyes at the
reference temperature, and IRhb and IRh110 are images for the two
dyes at the measurement temperature. Assuming Rh110 is
temperature-independent the image at the reference temperature
I0−Rh100 will be identical with the image at the measurement tem-
perature IRh100. Equation �8� can be simplified to

IN-LIFT = IRhB/I0−RhB �9�
where a single image for the temperature-dependent dye at a ref-
erence temperature can be used to account for the nonuniform
illumination as well as the normalization process. This normaliza-
tion process, first utilized by Ross et al. �37�, will be called
N-LIFT to differentiate it from the NR-LIFT method. Since a
single reference image is sufficient for all measurements, this
method can be used to make instantaneous measurements with a
single camera. The measurement region in the reference image
needs to be identical to that in the measurement region. Also, if
the optical path length changes during the experiment, this method
cannot be used. The N-LIFT method is used here to determine the
temperature of the fluid in a microsystem due to Joule heating in
an ac electrokinetic chip.

4 Experimental
Experiments were conducted in a standard microparticle image

velocimetry ��PIV� setup, as illustrated in Fig. 1. It consists of an
upright microscope �Nikon Eclipse, ME600�, an interline transfer
charge coupled device �CCD� camera �Roper Scientific Photomet-
rics, CoolSNAP HQ�, and a Nikon mercury-arc lamp was used as
the illumination source. Images were acquired with METAMORPH

imaging software. Laser grade RhB �Acros Organics, Geel, Bel-
gium� was dissolved in different conductivities of water. The dye
was mixed in 1 ml of methanol beforehand to increase its solubil-

ity in water. The fluid samples were further prepared by dissolving
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ifferent amounts of sodium chloride �NaCl� to change its electri-
al conductivity. Five samples were prepared �one without NaCl�
nd their conductivity was measured with a bench-top conductiv-
ty meter �Denver Instruments, Model 220�. The RhB dye was
xcited with a filter ���542 nm� attached to the front of the
ercury-arc lamp.
The calibration experiments were conducted in a 400 �m

quare glass microchannel �Vitrocom, Inc., Mountain Lakes, NJ�
ubmerged in a well machined from an aluminum block. The cap-
llary was filled with the dye solution, sealed on both ends, and
laced in the well. DI water filled the well and was sealed on top
ith an acrylic plate. The aluminum block was heated using a

hermofoil resistance heater �Minco Products, Inc., Minneapolis,
N� and was enclosed in an insulating material. The temperature

f the water bath �24–68°C� was measured with a thermal couple
t temperature intervals of 2°C. The setup reached equilibrium
emperature in approximately 10–15 min, at which the thermo-
ouple showed a steady temperature reading.

The test chip is illustrated in Fig. 2. The top substrate is a
ransparent, electrically conductive indium tin oxide �ITO� coated
lass substrate �0.71 mm thick� with fluidic ports manually
rilled. The opposite substrate consists of four independently ad-
ressable ITO micro-electrode strips 20 �m wide, 3 mm long,
nd spaced by 20 �m. These ITO microband chips were commer-
ially available �ABTECH Scientific Inc., Richmond, VA�. The
heet resistance �Rs� of the ITO was specified by the manufacturer
o be 10 
 /sq. A microchannel was cut into a double-sided ad-
esive tape �Adhesives Research Inc., Glen Rock, PA� and pro-
ided a 50 �m spacer between the ITO substrates. The micro-
hannel was approximately 1 mm wide and ran perpendicular to
he length of the electrode strips. An ac signal �0–25 Vpp, 1.0

Fig. 1 LIF thermometry experimental setup
Fig. 2 ac electrokinetic chip for N-LIFT experiments

ournal of Fluids Engineering
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MHz� was applied across one electrode strip to a grounded ITO
plane. The applied frequency of 1.0 MHz was chosen to prevent
electrolysis that might otherwise have occurred at lower frequen-
cies for our experiments �18�.

The temperature of the fluid medium was measured using a
thermocouple and this value was used as the reference tempera-
ture. The fluid was manually injected into the chip and then ad-
justed until no bulk fluid motion was observed. At this time a
reference temperature image �I0−RhB� was acquired. An ac signal
was applied and, after a 1 min delay, five images were acquired
within a 1 s time period. The fluorescent intensity of these images
was averaged for a single temperature image �IRhB�. The signal
was turned off and fresh solution was injected for the next trial.
This process was repeated for each fluid conductivity sample ��
=0.918,104,200,319,390 mS /m� and each applied voltage �V0
=5,10,15,20,25 Vpp�.

5 Numerical Model
COMSOL MULTIPHYSICS was used for numerical modeling of the

electrokinetic chip and simulate Joule heating. The problem space
and boundary conditions for the electrical and thermal problems
are modeled similarly to the work by Green et al. �16�, and is
shown schematically in Fig. 3. The thickness of the glass layers is
0.71 mm and fluid-filled spacing is 50 �m. Due to symmetry, the
simulation is half of the electrokinetic chip, with only 10 �m of
the electrode strip used. The width �x-direction� of the simulation
space is extended until minimal changes in the numerical results
were noticed ��1.0 mm�.

The thermal and electrical problems are decoupled since in-
duced fluid convection does not contribute to the thermal problem.
The electrical problem is bounded to within the fluid medium. The
Laplace equation for a potential �
� in a homogeneous medium is
first solved with �16�

�2
 = 0, E = − �
 �10�

The boundary condition for the electrode strip V0 refers to the rms
value of the applied potential.

The ITO traces of the experimental chip cause a loss in the
applied electric field. Electrical resistance of the ITO will reduce
the applied potential �Vo� by a factor �Erel�. The geometry of the
independently addressable ITO electrodes was incorporated into a
computer model to determine this loss. This model included the
ITO-coated glass and the liquid medium between the substrates.

For medium conductivities 0.918 mS/m, 104 mS/m, 200 mS/m,
319 mS/m, 390 mS/m, and 1 S/m, the calculated values of Erel
were 0.99, 0.92, 0.86, 0.81, 0.78, and 0.64, respectively. Erel de-

Fig. 3 Schematic of the electrical and thermal problem space
and boundary conditions for the numerical model
creased with increasing fluid conductivity. This trend was ex-
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pected as the resistance across the medium decreases with larger
fluid conductivities, resulting in a reduced value of the potential
applied across the liquid. From Eq. �4� it is expected that the
increase in temperature is proportional to the conductivity of the
fluid; however, incorporation of Erel will result in a nonlinear re-
lationship. The manufactured ITO had a sheet resistance of
10 
 /sq; if gold or a more conductive material was used for the
electrodes there would be less electrical loss, leading to increased
Erel values.

The applied voltage in the numerical model was multiplied by
this factor �
=ErelV0�. After solving for the electric field, this
value was used to solve the thermal problem in Eq. �3� with the
values of the thermal conductivity �k� of water and glass being set
at 0.6 J m−1 s−1 K−1 and 1.0 J m−1 s−1 K−1, respectively.

6 Results and Discussion
The fluorescent intensity of the calibration images was normal-

ized with the image acquired at room temperature �24°C, arbi-
trarily chosen� and shown in Fig. 4. The calibration data were

increase in temperature due to Joule heating for a fluid
e V=20 Vpp

numerical simulations and experiments

ange in temperature

Experiment
Applied voltage �Vpp�

25 5 10 15 20 25

0.096 0.3 �0.4 �0.5 3.3 0.8
9.20 0.4 2.2 4.3 6.1 10.5

15.57 1.1 1.3 4.6 9.6 14.1
21.7 0.3 2.3 6.4 12.1 19.7
24.8 1.8 3.9 10.0 17.2 26.6
42.6
Fig. 4 Normalized fluorescence intensity for RhB
Fig. 5 A portion of the numerical simulation showing the
sample with conductivity �=200 mS/m and applied voltag
Table 1 Maximum temperature change from

Conductivity
�mS/m�

Ch

Simulations �T0=300 K�
Applied voltage �Vpp�

5 10 15 20

0.918a 0.004 0.015 0.035 0.061
104 0.37 1.47 3.31 5.89
200 0.62 2.49 5.61 9.97
319 0.87 3.47 7.82 13.9
390 0.99 3.97 8.93 15.9

1000 1.70 6.81 15.3 27.2
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tted to an exponential decay, and this curve was used to deter-
ine the measured temperature from acquired images.
Numerical simulations were conducted for each of the five ex-

erimental fluid conductivities and five applied voltages. A
oomed-in plot for one of the simulations �200 mS/m, 20 Vpp� is
hown in Fig. 5. The maximum temperature increase occurs at the
nterface of the electrode strip. The maximum value for the tem-
erature increase from numerical simulations was recorded and
ompared with the maximum value obtained from experimental
easurements �Table 1�.
Figure 6�a� shows a normalized image obtained from N-LIFT

top-view� with the electrode strip running vertically along the
ength of the image for �=200 mS /m and V=25 Vpp. The tem-
erature values perpendicular to the electrode strip were averaged,
igure 6�b� shows the resulting temperature profile. The maxi-
um temperature increase was recorded and compared with nu-
erical simulations �Table 1�.
Table 1 shows the maximum temperature change from both

umerical simulations and experiments. To illustrate the Joule
eating trends of these obtained values, Fig. 7 shows the tempera-
ure increase plotted against voltage squared �Vpp

2� for each con-
uctivity, and Fig. 8 has temperature increase versus medium con-
uctivity. Experimental measurements are shown with points
hile numerical simulation values are shown with a solid line and

abeled with parentheses.
The experimental data follow the expected trend that tempera-

2

ig. 6 „a… N-LIFT results showing the temperature increase in
he medium „�=200 mS/m… above the electrode strip at
5 Vpp. „b… Averaged temperature values across the strip.
ure is proportional to the square of the applied voltage �V �.

ournal of Fluids Engineering
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Theory also states that temperature change is proportional to fluid
conductivity; however, the resulting curve �Fig. 8� is nonlinear
due to the loss of the applied field to the ITO traces. The loss in
electric field increased with greater fluid conductivity. Joule heat-
ing is negligible for the fluid sample with conductivity 0.918
mS/m, and trends could not be identified with LIF thermometry.
In addition, simulations calculated the expected increase in tem-
perature for this low conductive solution at 25 Vpp was less than
0.1°C. The maximum measured temperature change of 26.6°C
occurred with the 390 mS/m fluid sample at 25 Vpp. However,
typical biological growth media have conductivities greater than 1
S/m. For example, phosphate-buffered saline �PBS� and Dulbec-
co’s modified eagle medium �DMEM� each have an electrical
conductivity greater than 1 S/m �43�. Numerical simulations cal-
culated a temperature increase of almost 1.7°C for a 1 S/m
sample at 5 Vpp and over 42°C at 25 Vpp �Table 1�. Therefore
any temperature-sensitive electrokinetic microsystem with bio-
logical growth media or other high-conductivity fluid needs to be
carefully monitored for Joule heating.

Fig. 7 Obtained maximum change in temperature values ver-
sus voltage squared obtained from N-LIFT experiments „data
points… and numerical simulations „lines…

Fig. 8 Obtained maximum change in temperature values ver-
sus conductivity obtained from N-LIFT experimental measure-

ments „data points… and numerical simulations „lines…
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Electrokinetically induced fluid flow was readily observed vi-
ually for all but the least conductive fluid sample with applied
oltages of 20 Vpp and 25 Vpp. This fluid flow is a combination
f electrothermal hydrodynamics and ACEO. Microfluidic mea-
urement techniques such as �PIV could be utilized to quantify
nd characterize this electrokinetic fluid velocity. The aim of fu-
ure experiments will investigate the impact of Joule heating on
lectrokinetically induced flow. This flow can disrupt any intended
uid flow in microfluidic systems, especially at high applied volt-
ges.

The thermal noise present in the camera and the uncertainty
nvolved in the calibration curve are the two main sources of error
n this technique. The uncertainty involved in the calibration curve
epresents the accuracy of the method while the thermal noise
epresents the variation in the measurements. The error involved
n the measurement of temperature eT can be expressed as

eT = � 
�eC�2 + �eN�2�1/2 �11�

here eC is the error involved in the calibration curve and eN is
rror due to thermal noise. The error due to the thermal noise eN,
efined as the standard deviation of the single-pixel measurement,
as �1.1°C for the N-LIFT method. The uncertainty involved in

he calibration curve depends on the difference between the nor-
alization temperature and the measured temperature increases.
he mean uncertainty involved in the calibration curve eC was
easured to be �0.6°C. The total error in the measurement of

emperature was estimated to be �1.25°C for the N-LIFT
ethod. This uncertainty is less than measurements with a similar,

wo-color normalization method �NR-LIFT� under similar experi-
ental conditions. Additional error is introduced with the NR-
IFT method from single-pixel measurements of both dyes, as
pposed to one dye in the method described herein. In addition,
h110 is slightly temperature-dependent ��0.2% / °C�, introduc-

ng additional error, especially at higher temperatures. Therefore,
he N-LIFT method has less uncertainty than the NR-LIFT

ethod. However, one drawback is the introduction of uncertain-
ies when comparing the acquired image to only one reference
mage at a known temperature, especially at measured tempera-
ures much greater than the reference temperature.

These uncertainties are for single-pixel measurements. The er-
or due to the thermal noise can be reduced by averaging over
arger areas. For the recorded temperatures �Table 1�, eN can be
ffectively neglected as it was averaged over a large number of
ixels. Hence, the uncertainty involved in the N-LIFT measure-
ents will be eC, �0.6°C.
ac electrokinetic techniques such as DEP and ACEO are uti-

ized for lab-on-a-chip microsystems due to their inherently strong
lectric fields; however, these electric fields heat the fluid sample.
onitoring Joule heating effects is especially important for

emperature-sensitive experiments and biological samples. LIF
hermometry utilizing the N-LIFT method is a simple procedure to
oninvasively measure Joule heating effects. In addition, numeri-
al simulations can assist in designing proper electrokinetic chips
o minimize unwanted Joule heating.

Conclusions
A LIF normalization procedure that requires a single dye �37�

as used to determine Joule heating in a simple ac electrokinetic
hip. Fluid samples of various conductivities �0.918 mS/m, 104
S/m, 200 mS/m, 314 mS/m, and 390 mS/m� were subjected to

lectric potentials from 5 Vpp to 25 Vpp at 1 MHz. Numerical
imulations were in good agreement with experimental measure-
ents. Further, experimental data verified expected theoretical

rends that temperature is proportional to the square of the applied
2
oltage squared �V �.
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