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Abstract

This paper presents a simple microheater design for microfluidic devices by embedding resistance wire into a PDMS chip, and the results
of an experimental study of the thermal response of liquid samples in the PDMS chip with the embedded local heater. Temperature-dependent
fluorescent dye was used to measure the temperature distribution within a microchannel heated by the local heater. Two heater configurations were
built, tested, and compared with numerical simulation. Through comparing the performance of these two configurations, heating and cooling rates
and the characteristics of the temperature field were evaluated. Additionally, thermal cycling at two different temperature levels was achieved by

controlling the power of the local heater.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Interest in microfluidic lab-on-a-chip devices is largely mo-
tivated by the extensive potential applications. These inte-
grated, miniaturized devices promise to offer many advantages
over conventional bench-top analytical and synthesizing instru-
ments, such as increased efficiency, high throughput, porta-
bility, sensitive process control, reduced reagent/sample con-
sumption, and reduced analysis time and cost [1-5]. Advanced
fabrication technologies make it possible to develop more com-
plicated microfluidic devices with versatile applications.

Control of fluid temperatures during analysis is often impor-
tant, particularly during reaction and separation. Chemical syn-
thesis in microreactors requires controlled heating/incubation
in combinatorial chemical reactions, and the reviews can be
found elsewhere [6]. The use of incubating microreactors has
also been reported to investigate reaction kinetics [7], cell-free
protein synthesis [8], and nanocrystal growth [9].

Many lab-on-chip devices also require thermal control. Prior
to genetic analysis, DNA must first be extracted from cells. This
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can be accomplished through the destruction of the cell mem-
brane (cytolysis) by heating the cell [10]. The DNA is then am-
plified through polymerase chain reaction (PCR), which needs
precise thermal cycling at different temperature levels [11,12].
The cycling process can be done more rapidly in a microflu-
idic system than in a conventional system due to smaller sample
volumes. Thermal cycling is also required for generating micro-
bubbles for micromixing [13] and DNA sample transport [14].

In present technologies, the following methods have been
applied to provide heating for microdevices. Generally, elec-
tric resistance microheaters are patterned onto a glass or silicon
wafer surface using microfabrication technology [15-17], and
a glass or silicon chip with a microchannel is bonded onto the
surface, so that the microheaters can heat the fluid in the mi-
crochannel. The microchannel is either molded into a polymer
[6,18], etched into glass [11], or fabricated from photoresist
[19]. Joule heating, which results from current passing through
a solution via electrodes, has been investigated as a means of
heating [20]. The use of Peltier heaters in contact with the mi-
crochannel substrate has also been reported [12,21]. Among
these methods, using a microheater is the most attractive be-
cause it can be made very small and can be integrated with
other circuits. However, the design and fabrication of micro-
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Fig. 1. Schematic of the experimental system.

heaters can be very costly and time consuming, and often these
patterned microheater circuits cannot be used because they will
block the observation of the channel under a microscope, and
interfere with fluorescent-based optical measurements. There-
fore, it is very important to find another method that costs less
and can provide local heating on a chip, without blocking the
observation of the microchannel.

Due to the size of microfluidic devices, aside from the fab-
rication, a major difficulty in evaluating microheaters is the
determination of the resulting temperature field of the liquid
in a microchannel. Some microreactors incorporate embedded
thermocouples to measure temperature at predetermined loca-
tions [8]. The disadvantages of this method are that a ther-
mocouple may affect the temperature field, and only tempera-
tures at discrete locations are obtainable. Non-contact tempera-
ture measurement methods using fluorescent-labeled oligomers
[22], temperature dependent fluorescent dyes [15,23,24], and
reporter—quencher pairs [25] have been attempted, though they
are not widely used and standardized.

Considering that poly(dimethylsiloxane) (PDMS) has been
widely used in microfluidic systems, it is highly desirable to
develop a low cost PDMS compatible microheater, so that it is
possible to develop disposable biomedical chips with thermally
controlled reactors.

In this work, we present a new microheater design by em-
bedding resistance wires into a PDMS chip, and the results
of a detailed experimental study of the heat transfer phenom-
ena associated with this local heater in a microfluidic sys-
tem. The thermal characteristics were measured by using the
temperature-dependent fluorescent dye method. In the follow-
ing sections, materials and experimental methods are described
first. The capability of this kind of microheater is then demon-
strated. Finally, the characteristics of the thermal response of
the proposed heater are analyzed. Through a comparison with

numerical analysis, the temperature response of the liquid sam-
ple controlled by the local heater is further elaborated.

2. Experimental section

A variety of experimental techniques have been developed
to measure the liquid temperature inside microfluidic systems,
such as backscatter interferometry [26], nuclear magnetic reso-
nance (NMR) [27], Raman spectroscopy [28], and temperature
sensitive probes (e.g., thermochromic liquid crystal [29], fluo-
rescent dye [23,24], etc.). Temperature sensitive thodamine B
dye was used in our temperature measurements. In this mi-
croscale thermometry technique, rhodamine B’s fluorescence
intensity is measured and its relative variation is then converted
into liquid temperature using the calibrated intensity versus
temperature relationship [23,24]. In this work, an experimental
system, as shown in Fig. 1, was developed to monitor the tem-
perature by measuring the fluorescence intensity with a stan-
dard fluorescence microscope (TE2000, Nikon Inc.) and CCD
camera (QImaging, Vancouver, BC, Canada). In the experi-
ments, the microchannel was filled with an aqueous rhodamine
B/buffer solution, and the intensity was monitored for various
heater inputs. The images and local mean intensity values were
stored for further processing.

2.1. Imaging and image processing

Imaging was performed using the fluorescence microscope
and CCD camera referenced above. Excitation light of 480 nm
was provided through a 1x microscope objective lens. The
image capture time of the camera was once every 5 seconds
for a constant applied heat flux, and once every second for
thermal cycling. The individual exposure time was determined
using the auto exposure function. The image resolution was
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1392 x 1040 pixels, which captured a length of 9148 um of
the channel.

To correlate the fluorescence intensity to temperature, back-
ground and room temperature images of the channel were taken
prior to each experiment. For each pixel, background substi-
tution and normalization with room temperature yielded the
normalized intensity, which was then converted to temperature
using a previously determined calibration curve.

2.2. Microchannels and heater

The microchannels were fabricated in PDMS using the
soft lithography technique. Briefly, masters containing the mi-
crochannel patterns were made by spin coating SU-8 photore-
sist on a clean glass slide. After a two-step soft bake (65 °C
for 5 min and 95 °C for 15 min), the photoresist film was ex-
posed to UV light for 7 s through a 3500 dpi transparent mask
on which the desired channel structure had been printed. The
transparency of the microchannel mask was generated by a
high-resolution image-setter. Following another two step hard
bake (65 °C for 1 min and 95 °C for 4 min), the slide was gen-
tly vibrated in the developer solution for 5 min to dissolve the
unexposed photoresist, leaving a positive relief containing the
microchannel pattern. A piece of resistance wire (0.25 mm di-
ameter, Nickel-Chrome 60, Omega Engineering Inc.), bent into
the appropriate heater shape (line or point), was then temporar-
ily fixed to the master at a specified distance of 250 um from
the channel wall. Liquid poly(dimethylsiloxane) or PDMS was
then poured over the master, degassed, and cured at 75 °C for
approximately 3 hours. The negative PDMS cast of the mi-
crochannel pattern together with the resistor heater was then re-
moved from the master, and two holes were punched to serve as
reservoirs. Finally, the PDMS chip containing the microchan-
nel and embedded resistance wires was permanently bonded to
a glass slide by placing both sides to be bonded in a plasma
cleaner (PDC-32G, Harrick Scientific, Ossiing, New York) and
oxidizing them for 60 seconds. The assembly of the micro-
heaters and microchannels was accomplished under a micro-
scope for precise alignment of the microheater.

The final microchannel is shown schematically in Fig. 2(a)
and (b) shows the area of the microchannel observed by the mi-
croscope. The microchannels were 50 um deep, 550 um wide,
and 28 mm long. As shown in the figure, one heater was formed
so that it had a short length parallel to the channel (approxi-
mately 2500 um) and the other heater was formed so that it had
a sharp angle pointing to the channel. For convenience, through-
out the paper, the former is referred to as a line heater and the
later as a point heater. The heaters constructed by this method
can be very small and can heat the liquid sample from the side
of the channel.

2.3. Chemicals
Rhodamine B (RhB) fluorescent dye was used due to its high

temperature sensitivity (2-3%/K) [23]. Laser grade rhodamine
B dye (Acros Organics, Pittsburgh, PA) was initially dissolved

2000 um

(b)

Fig. 2. (a) Schematic of microchannel with embedded resistance wire (b) Area
of microchannel with embedded resistance wire observed by 1x objective.

in pure water (Fisher Scientific Canada, Ottawa, ON) at a con-
centration of 1 mM and stored at —20 °C. Prior to the temper-
ature measurements, the dye was further diluted to 50 uM in
25 mM sodium carbonate buffer solution at pH8.5. All solutions
were filtered before use with 0.2 um syringe filters (Whatman,
Fisher Scientific Canada, Ottawa, ON).

2.4. Heater control

A circuit containing resistors, transistors, and a S V 2 A
power supply controlled the current supplied to the resistance
wire. The input voltage applied to the transistors was controlled
by a data acquisition system (DAQPad-6020E, National Instru-
ment Inc.) using LabVIEW software.

2.5. Temperature calibration

In order to determine the calibration curve to correlate nor-
malized intensity with temperature, a thin film heater (Omega
Engineering Inc.), metal substrate, and a thermocouple bound
to the bottom of the substrate with conductive tape were used
to provide a constant substrate temperature. A well containing
a rhodamine B solution was clamped onto the substrate and the
intensity of the well was monitored until it reached its steady
state value, which corresponded to the measured substrate tem-
perature.
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Fig. 3. Normalized intensity versus temperature calibration curve.

A calibration curve was produced, based on the method de-
scribed above, and the resulting normalized intensity versus
temperature is shown in Fig. 3. The average percent difference
between measured normalized intensity data at a given temper-
ature is 1.1%. A third order best fit polynomial is also shown,
and has the equation

T =149.15 — 317.841 + 323.411% — 131.841° (2.1

where T is the temperature and / is the intensity value subtract
background and normalized by the intensity value at 23.5 °C.
The calibration results were found to agree very well (within
+1°C) with those presented by Ross et al. [23] for similar
buffer concentration and pH.

3. Theoretical model and numerical simulation

Since the liquid sample heated in the microfluidic device has
either very slow or no motion, it is reasonable to consider that
the heat transfer is dominated by heat conduction. Therefore, in
this paper, we neglected heat radiation and simply assumed that
the heat transfer is heat conduction within the liquid sample, the
solid channel wall, and the glass substrate. Here, we used a 3-D
heat conduction model to describe the problem. The governing
equation is,

0T 9 ( 9T\ d [ 9T\ 9 ( T
= L) + L) 2 (k) 4
PEr 8x< 8x>+8y< 8y)+81< 8z)+q G-

where p is the density of the medium, C, is the specific
heat of the medium, k is the conductivity of the medium
(kppms = 0.15 Wm™ K1, kayia = 0.60 Wm ™' k™!, kglass =
1.4Wm™! K_l), T is the absolute temperature of the medium,
and ¢ is the heat source and only is non-zero at the region
that represents the heating element, the electric resistance wire.
A constant heat generation rate was applied at the location of
the electric resistance wire.

To compare and verify the measured steady-state tempera-
ture profiles, a 3-D conduction simulation was completed using
commercial Fluent CFD software. To reduce the computational
load, a channel length of 10 mm was simulated. Free convection
boundary conditions were imposed on the edges of the PDMS
chip parallel to the channel and zero heat flux boundary condi-
tions were imposed on the sides perpendicular to the channel.
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Fig. 4. Transient temperature contours of (a)—(f) point heater and (g)—(1) line
heater under input power of 127 mW.

We also applied a free convection boundary condition on the
top surface of the PDMS chip, and a constant temperature con-
dition on the bottom of the base that the chip was sitting on
during experiments.

4. Results and discussion

In order to assess the performance of the proposed local
heaters in controlling the temperature of a liquid sample in
the microfluidic system, the configuration shown in Fig. 2 was
tested with a constant rate of the supplied heat and the thermal
response of the fluid was monitored. Because the channel depth
is much smaller than both the channel width and the micro-
heater depth, the temperature difference in the depth direction
is small and the monitored 2D fluorescence accurately repre-
sents the temperature field of the fluid within the microchannel.

Fig. 4 shows the transient thermal response of the two
heaters embedded in the chip. In this figure, contour images (a)—
(f) represent the transient temperature distribution in the liquid
sample at different times, when a constant heat rate was ap-
plied using the point heater. Similarly, contour images (g)—(i)
represent the transient temperature distribution resulting from
the line heater. For each case, the time interval between adja-
cent images is 5 s. As shown in this figure, for both heaters,
the temperature of the liquid near the heater region increased
with time and was higher than that of the liquid away from the
heater. This demonstrated that the resistance wire embedded in
the PDMS chip can be used to locally control sample tempera-
ture, simply by optimizing the heater parameters. For the point
heater, the liquid temperature started to increase at a point, and
the heated liquid region spread out around the point heater in
a semicircular shape. For the line heater, the liquid temperature
started to increase at the wall of the microchannel, with a length
equivalent to that of the line heater, and the heated liquid re-
gion spread out in an elongated elliptical shape. Therefore, the
heater shape affects the directional heat generation rate and dif-
ferent shaped temperature distributions can be produced. This
also indicates that the PDMS material enhances the local heat-
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Fig. 5. Average steady-state temperature along the channel length versus dis-
tance from center of heater, for various input powers.
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Fig. 6. Average steady-state temperature across the channel width versus dis-
tance from channel wall, for various input powers.

ing effect of the embedded heater, because the low conductivity
of the PDMS hinders the heat dissipation from the fluid. This
may be another advantage of using the PDMS embedded heater,
since the thermal insulation in a microheater on a silicon wafer
is not as effective as the PDMS. In chips tested in this study, the
heater was located beside the channel at a distance of 250 pum.
It is expected that the heating effect is stronger if the heater is
placed closer to the channel of liquid.

To further analyze the performance of these two heaters, the
steady-state temperature profiles resulting from each heater are
depicted in Figs. 5 and 6.

Fig. 5 shows the average liquid temperature of a 450 pm by
450 um area, versus distance from the center of the heater along
the channel length. For both heaters, along the channel length
the liquid temperature decreases with increasing distance from
the heater. However, for the line heater, there is a uniform tem-
perature region of a length similar to the heater length, followed
by a nearly linear decrease in temperature. For the point heater,
the temperature in the microchannel shows a linear decrease in
temperature along the channel length. This quantifies the dif-
ferent steady-state temperature distributions that were achieved
by using different heater configurations and shows the capabil-
ities of each type of heater. For applications requiring a linear
temperature gradient along the length of the channel, such as
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Fig. 7. Steady-state temperature contours for point heater (a) numerical (b) ex-
perimental and line heater (c) numerical (d) experimental.

microfluidic temperature gradient gel electrophoresis [30] and
focusing [31,32], a point heater is suitable. A line heater is more
appropriate for on-chip applications requiring a uniform steady
state temperature field, such as chemical or protein synthesis,
as it produces a region of constant temperature along the chan-
nel length. For both types of heater, a higher input power yields
a larger temperature gradient across the liquid region. However,
for the same power level, the line heater generates higher tem-
peratures and larger temperature gradients. For the low power
input case, the temperature difference in the liquid is very small
when these two heaters are given the same input power.

Fig. 6 presents the average liquid temperature of a 2000 um
by 85 um area, versus distance across the channel width, from
the channel wall containing the embedded heater. Comparing
Fig. 6 with Fig. 5, it is clearly shown that the thermal response
of the liquid in the channel across the channel width is differ-
ent from that along the channel length. For both kinds of heater,
there is no uniform temperature region across the channel width
and the liquid temperature decreases approximately linearly as
the distance from the heater increases. The decreasing slope
is larger when the input power to the heater is greater. The
maximum temperature difference across the channel is about
10°C and the corresponding temperature gradient is very high
for a channel with a width of 550 pm. This implies that this
new heater design can be used to provide the large tempera-
ture gradients required to study the response of proteins [33]
or organisms [34] to a temperature field. On the other hand,
for applications such as PCR requiring a more uniform tem-
perature field, another heater can be added to the other side of
channel to reduce the magnitude of the generated temperature
gradient. For the same total input power rate, the line heater
generated higher temperatures than the point heater, and this
trend is similar to the temperature variations along the channel
length. Higher temperature resulted from more heat transferring
into the liquid, due to the larger heating area of the line heater.

Fig. 7 compares the experimentally and numerically de-
termined steady-state temperature fields. It is shown that the
experimental results generally agree well with the numerical
simulation. The numerical simulation underestimated the heater
effect slightly, but did generate the same shaped temperature
profiles. The difference between the numerical and experimen-
tal results can be attributed to the different channel length used
in the simulation and experiment, the approximation of the
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Fig. 8. Average thermal cycling temperatures achieved using the two heater
configurations.

heater shape, and the choice of boundary conditions. These
complexities emphasize the importance of developing an ex-
perimental method to evaluate the thermal field.

Fig. 8 shows the thermal cycling generated by controlling
the heaters’ power input. The voltage function driving the ther-
mal cycling program is shown, and the temperature shown is
the average liquid temperature of the 1400 pm by 500 pm area
proximal to the heaters. This figure clearly indicates that steady-
state thermal cycling was achieved after four cycles for both
the pointer heater and line heater. Steady-state thermal cycling
could also be achieved earlier, even by the first cycle, by using
a hot start in which the high temperature level is maintained
for a longer time to reduce the heat dissipation effects from
the neighboring regions. One cycle consisted of 10 seconds of
heating, 40 seconds of holding time at the higher temperature,
20 seconds of cooling (no heating power), and 40 seconds of
holding time at the lower temperature. Holding temperatures
were maintained for 30 seconds at 82 +2°C and 54 & 1°C
for the line heater and 57 £ 1.5 °C and 42.5 £ 0.5 °C for the
point heater, by applying the same cubic voltage functions. The
heating and cooling rates for the line heater are approximately
double those of the point heater. This indicates that the micro-
heaters and temperature monitoring method can also be applied
to the development of the thermal cycling program required
for PCR (polymerase chain reaction, a reaction for amplify-
ing DNA) lab-on-chip applications. The thermal cycling profile
generated by the designed heaters can be optimized to match
the PCR requirements by tuning the temperature control as well
as the heater configuration. Additionally, the uniformity of the
temperature field required for PCR can be assessed using the
temperature monitoring method outlined.

5. Conclusions

A new heater, constructed by a formed resistance wire em-
bedded into a PDMS chip, is proven to be functional as a mi-
croheater for processes requiring incubation, temperature gradi-
ents, and thermal cycling. A point heater can provide localized
thermal control and linear temperature gradients, while a line
heater can provide a uniform temperature field over a greater

channel length. Putting the heater at the side of the channel can
generate a larger temperature gradient across the channel, with-
out blocking the top or bottom view through the channel. This
provides better conditions to monitor a bio-reaction/process un-
der a microscope. The effectiveness of these on-chip micro-
heaters was studied by using the temperature-dependent fluo-
rescent dye method. The results proved that the fluorescent dye
method is a good option for measuring the temperature field in
microfluidic systems. The on-chip microheater formed by re-
sistance wire embedded in a PDMS chip is effective, easy and
inexpensive to fabricate, and has great potential for PDMS mi-
crofluidic systems.
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