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Abstract
We describe on-chip microwave generation of spatial temperature gradients in a polymeric
microfluidic device that includes an integrated microstrip transmission line. The transmission
line was fabricated photolithographically on commercially available adhesive copper tape.
The fluid temperature during microwave heating was measured by observing the
temperature-dependent fluorescence intensity of a dye solution in the microchannel. Large
interference effects, which were produced by superposition of a sinusoidal and two
exponential temperature distributions, were measured at 12 GHz and 19 GHz. Temperature
extremes of 31 ◦C and 53 ◦C at the minimum and maximum of the sinusoid were established
within 1 s. The sinusoid also produced a quasilinear temperature gradient along a 2 mm
distance with a slope of 7.3 ◦C mm−1. This technique has the potential to benefit many
biological, chemical and physical applications requiring rapid temperature gradients.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Integrated microfluidic devices require a number of
functionalities such as mixing, pumping and valving for high-
throughput chemical and biological applications [1–3]. Much
work has been done in the recent years to perform some of
these tasks on-chip [2, 4, 5]. Temperature control inside
microfluidic devices is another crucial function as generally
all biochemical processes are temperature driven and it still
remains a challenge. Indeed, spatial and temporal temperature
gradients have attracted a lot of attention for a variety of on-
chip applications, including investigation of thermophoresis
[6], control and measurement of enzymatic activity [7–9],
investigation of the thermodynamics [10, 11] and of the
kinetics characterizing molecular associations [12, 13].
Additionally, miniaturization of chemical analysis systems
for higher throughput and efficiency necessitates the detection
of very dilute solutions of analytes in ultra small volumes,
nanoliters or less. A number of preconcentration as well
as chemical separation methods have been investigated that

1 Author to whom any correspondence should be addressed.

rely on a well-controlled and well-defined temperature field
[14–17].

Thus far, most efforts toward generating temperature
gradients have focused on a one-dimensional heat flow
between a heat source and a cold sink leading to a linear
gradient in temperature between the two [18]. The vast
majority of approaches use bulk heaters [11] attached to
microfluidic substrates such as aluminum heating plates
[14, 17, 19], copper heating/cooling blocks [16, 20] and
peltier elements [21]. The limitations associated with
these approaches include heating of large substrate areas
possibly preventing the integration of multiple analysis
functions on a single substrate. Alternative techniques
have been developed to improve temperature localization and
minimize footprints. Most techniques for generating on-
chip temperature gradients integrate Joule heating elements to
conduct heat into microchannels/microchambers [7, 14, 22].
However, temporal control is limited by the heat capacity of
the microfluidic device and thermal coupling of the device to
the heating elements.
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Microwave electric fields, on the other hand, have
attracted much attention for a number of on-chip heating
as well as sensing applications. For example, transmission
lines have been integrated with microchannels to heat
water as well as saline solutions using continuous wave
microwave power [23, 24]. Equations have been derived
to describe the absorption of microwave power in different
regions of low-reflectance transmission lines used for heating
microchannels [25]. Microwave-mediated thermocycling has
been demonstrated in microfluidic wells designed to terminate
microwave energy for DNA amplification applications
[26–28]. Further, microwave transmission lines have been
used for on-chip dielectric permittivity and spectroscopy
measurements [29–32]. AC electric fields have also been used
at microwave frequencies for electrothermal actuation of water
[33, 34]. More recently, localized microwave heating of fluids
has been described in the vicinity of sensor–heater silicon field
effect transistors [35, 36], and microwave dielectric heating of
insulated water drops has been demonstrated in microfluidic
systems [37].

In this paper, we present a technique to locally and
rapidly generate temperature gradients within microchannels
using microwave electric fields. The temperature distribution
in the channel fluid is proportional to the time average of
the square of the microwave electric field, which contains
a sinusoidal component in the presence of a standing wave
in the transmission line. This phenomenon is similar to
the sinusoidal darkening of a thin layer of photo-sensitive
collodion described in Wiener’s classic demonstration that
photochemistry is sensitive to the electric field rather than
the magnetic field of electromagnetic radiation [38]. In our
devices, a nonlinear sinusoidally shaped gradient along a
7 mm distance with fluid temperatures as large as 53 ◦C
and as low as 31 ◦C and a quasilinear temperature gradient
with a slope of 7.3 ◦C mm−1 can be achieved within 1 s.
The electric field distribution can also be controlled via
the operating frequency and input power, which provides
flexibility in changing the temperature profile for different
specimens, reactions or applications.

2. Model of temperature gradient generation

The power density in a dielectric material upon exposure to
alternating electromagnetic field is given by [39]:

P = ωεoε
′′(ω)|E|2, (1)

where ω is the angular excitation frequency, εo is the vacuum
permittivity, ε′′ is the loss factor and E is the electric field
strength in volts per meter within the material. For a
wave traveling in the z-direction on a transmission line, the
phasor representation of the total electric field is the sum of
contributions from two separate components, the forward wave
and the reflected wave, as described below:

E(z, t) = |E+| e−jkz ejωt + |E−| ejkz ejθp ejωt , (2)

where jk = α + jβ, E+ is the amplitude of the forward wave,
k is the complex propagation constant, E− is the amplitude of
the reflected wave, θp is the phase angle between the reflected

and forward waves, α is the attenuation constant that describes
the rate of decay of microwave power per unit length, z is the
distance along the direction of propagation and β is the phase
constant (change in phase per unit length) [40]. The time-
averaged power density 〈P〉 is proportional to E(z, t)·E(z, t)

∗
.

Thus, we can compute the temperature profile of the fluid in
the microchannel according to

T = a2 e−2αz + b2 e2αz + 2ab cos(2|β|z + θp), (3)

where T is the fluid temperature due to microwave heating.
This simplified model describes several key features of

microwave-induced temperature gradients. The dielectric
properties of the transmission medium are non-homogeneous
due to the presence of the microchannel resulting in impedance
mismatch at the boundaries of the microchannel. The
constructive and destructive interference caused by impedance
mismatch between the forward and reflected waves at these
boundaries generate a standing wave in the electric field
and a corresponding stationary temperature field within the
microchannel. The shape and magnitude of the temperature
field depends on the microchannel geometry, the position of the
microchannel relative to the transmission line, the frequency
of operation and the input power. The rate of decay of
the temperature field is governed by the transmission-line
attenuation factor α, which is a function of the transmission-
line geometry and the frequency-dependent loss factors of the
transmission line materials. Hence, the higher the operating
frequency of the microwave electric field, the lower the
wavelength of the temperature field producing more peaks
and valleys in the spatial temperature profile, and the higher
the attenuation constant, the higher the average slope in the
temperature field from the front to the back of the channel.

3. Experimental details2

3.1. Chemicals and materials

Cyclic olefin copolymer (COC) was obtained from Plitek, LLC
(Des Plaines, IL). Copper tape with non-conducting acrylic
adhesive (Permacel P-389) was obtained from Electrical
Insulation Suppliers, Inc. (Philadelphia, PA). Rhodamine B
was purchased from Alfa Aesar (Ward Hill, MA).

3.2. Device fabrication

Figure 1 shows a cross-sectional schematic and a picture of
the microwave-heated microfluidic device used in this work.
The devices were fabricated using an adhesive copper tape on
COC using photolithographic procedures. A CNC milling
machine (Protomat S62, LPKF Laser & Electronics AG,
Garbsen, Germany) was used to cut the substrate material
to precise chip dimensions and to carve out the microchannel
and the fluidic access ports. The microchannel was 340 μm
wide, 7 mm long and was machined all the way through in a

2 Certain commercial equipment, instruments or materials are identified
in this paper to specify the experimental procedure adequately. Such
identification does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the materials or
equipment identified are necessarily the best available for the purpose.
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300 μm thick COC substrate. The channel was positioned
1 cm away from the front of the device. The signal line was
370 μm wide and 5 cm long. The signal line and the ground
plane were patterned on the copper tape after the tape was
fixed on the top and bottom surfaces of the COC substrate.
The tape had a 40 μm thick acrylic adhesive on a 35 μm
thick copper foil. The acrylic adhesive served as a cover plate
for the microchannel and isolated the fluid from the copper
electrodes. A slit, 100 μm wide and 2 cm long, was fabricated
in the ground plane to allow optical detection of the fluid for
temperature measurement.

The dimensions of the microchannel, the transmission
line and the slit were determined from electromagnetic
simulations performed using Sonnet (Sonnet Software, North
Syracuse, NY). The slit was designed to run parallel to
the microchannel, and it was positioned in the middle
of the microchannel (figure 1(b)) with a photolithographic
process. Such positioning allowed for spatially resolved,
optical fluid-temperature measurements throughout the length
of the microchannel and laterally in the middle of the channel.
Two 2.4 mm end-launch connectors were mounted on the
device (figure 1(a)) to convert from the microstrip geometry
to the coaxial geometry of the test equipment.

3.3. Device characterization

Two types of measurements were made to characterize the
device: scattering (S) parameters and temperature. S-
parameters describe the forward and reflected power and/or
voltage waves in a transmission medium and can be used to
model the power flow as a function of frequency through the
device. We used the S-parameter data to determine the power
absorbed in the fluid and to select appropriate frequencies for
generating temperature gradients.

3.3.1. Frequency response measurements. The broadband
frequency response of the devices was determined from
the transmission and reflection-coefficient S-parameter
measurements, which were obtained using a vector network
analyzer (N5230A, Agilent Technologies, Santa Clara, CA). A
full two-port Short–Open–Load–Thru (SOLT) calibration was
performed using commercially available 2.4 mm calibration
standards (85056D, Agilent Technologies) [41]. The reference
plane for the calibration was set at the end of the microstrip to
coax connectors.

3.3.2. Temperature measurements. The electronics that
generate the microwave energy for the temperature gradient
measurements were assembled as shown in figure 1(c). The
microwaves were generated at a frequency of interest using
the signal generator (E8257D, Agilent Technologies) and
amplified to a maximum of 30 dBm (1 W) with a solid-state
power amplifier (L0220, Microwave Power, Inc., Santa Clara,
CA). The amplifier was powered using a dc power supply
(E3615A, Hewlett Packard) and pulsed with an arbitrary
waveform generator (33250A, Agilent Technologies). The
microwave power transmitted out of the device was terminated
by connecting a power sensor (8485A, Agilent Technologies)

(a)

(b)

(c)

Figure 1. (a) A picture of the integrated microfluidic device for
generating microwave-induced temperature gradients. The inset
shows a microchannel highlighted in white that is sandwiched
between the signal and ground metal conductors of a microwave
transmission line. The 2.4 mm end launch connectors are used to
convert from microstrip to coaxial geometry. (b) A cross-sectional
view of the microwave heating device. The microstrip transmission
line is integrated with a cyclic olefin copolymer (COC) substrate
containing a microchannel. The substrate is 3 cm wide and 5 cm
long. The metal conductors are 35 μm thick, the signal line is
370 μm wide and the ground plane is 1.8 cm wide. The channel
cover plates are made of 40 μm thick acrylic adhesive. A slit,
100 μm wide and 2 cm long, is fabricated into the ground plane for
optical detection of the microchannel fluid. (c) A schematic of the
experimental setup used for microwave-induced temperature
gradient measurements.

at the output port of the integrated microfluidic device, while
a power meter (E4419B, Agilent Technologies) connected to
the power sensor was used to measure the transmitted power.
The fluid was heated by pulsing the microwave power over a
12 s period with an 8.33% duty cycle.

The fluid temperature was measured remotely by
observing the temperature-dependent fluorescence intensity
of a dilute fluorophore added to the fluid and comparing it to
the calibrated fluorescence intensity at a known temperature.
Rhodamine B is one of a class of fluorescent dyes with a
temperature-dependent quantum yield that can be used to
obtain temperature profiles by observing the relative spatial
and temporal intensity changes using a previously described
fluorescence imaging technique [42]. We used an aqueous
solution of 0.2 mmol L−1 Rhodamine B dissolved in a
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19 mmol L−1 carbonate buffer to demonstrate the presence
of temperature gradients.

The temperature profile was constructed by measuring
the fluorescence intensity throughout the microchannel in
0.5 mm increments starting at the beginning of the channel,
close to the input port of the device, while the microwave power
was pulsed as described earlier. The position was determined
manually by a screw-drive actuator mounted on the stage of
a microscope. The uncertainty of the position measurement
was ±25 μm.

A Zeiss Axiovert 25 inverted fluorescence microscope
(Carl Zeiss MicroImaging, Inc., Oberkochen, Germany) with
a 20× objective with a Rhodamine B filter set (excitation:
band pass 525 nm/40 nm, emission: band pass 585 nm/

40 nm) and a broadband mercury arc lamp were used for
illumination. Twelve-bit, 90 × 30 pixel grayscale intensity
images were captured at a rate of 140 frames s−1 using a
CMOS camera-link camera (MV-D1024E, Photonfocus AG,
Lachen, Switzerland) at a typical exposure time of 7 ms. The
camera gain was set manually and kept constant throughout
a given set of temperature measurements. Digital images
were acquired using an image acquisition board (PCIe-1427,
National Instruments Corp., Austin, TX) with a PCI Express
bus capable of data transfer rates of greater than 200 MB s−1.

Microwave power delivery, image acquisition, and storage
were controlled by LabVIEW software (National Instruments
Corp.). The images were analyzed using MATLAB (The
MathWorks, Inc.). A total of 4000 frames were captured
over approximately a 50 s time period at each position, which
included three microwave pulse cycles. For temperature
extraction, the frames were first analyzed pixel by pixel for
the removal of any hot pixels inherent in the camera when
the illumination light was off and any pixels that became
saturated during heating. The average intensity value was
then calculated for each frame. Finally, the intensity values
obtained during heating were normalized to the intensity when
the power was off.

The temperature from the normalized fluorescence
intensity ratio was obtained using the cubic equation

T = Ao + A1I + A2I
2 + A3I

3, (4)

where T is the temperature and I is the fluorescence intensity
normalized by its room temperature value (21.7 ◦C ± 0.7 ◦C).
The coefficients (Ao = 141.53, A1 = −250.25, A2 = 228.02
and A3 = −96.904) were obtained from a previously published
calibration [43]. For our system, we had experimentally
determined that the fluorescence was being collected from
an absorbed layer of dye molecules in the acrylic adhesive
rather than from the bulk of the fluid, making our experimental
conditions similar to that of Samy et al [43] where the
normalized fluorescence intensity was computed from dye
molecules absorbed in a poly(dimethylsiloxane) (PDMS) thin
film.

4. Results and discussion

The choice of materials, COC and Cu tape, along with our
fabrication method offers several advantages for producing

integrated microfluidic devices for microwave heating. The
high glass transition temperature of COC (Tg = 136 ◦C)
as well as its chemical compatibility with acids, alcohols,
bases and polar solvents make it suitable for photolithographic
procedures. While the low thermal conductivity of COC
(0.135 W m−1 K−1) has a negative impact for contact
heating approaches, it offers a significant advantage for direct
volumetric-based heating strategies by minimizing undesired
heat losses, so that a larger fraction of the incident power
is contained in the fluid during heating. Additionally, the
low dielectric constant (εr = 2.35) and the low loss factor
(tan δ = ∼1·10−4 at 10 GHz) of COC make it suitable for
high-frequency applications such as the one demonstrated in
this report.

The use of electro-deposited Cu compared to metal alloys
as in the low-melt solder fill technique [44], e.g. a combination
of indium-bismuth-tin alloy [37], for forming the transmission-
line electrodes permitted high-frequency operation of our
devices due to the high electrical conductivity (σCu =
∼5.51 × 105 S cm−1, σ Indalloy = 0.19 × 105 S cm−1) of Cu. On
the other hand, the conductor thickness in our devices exceeded
the thickness (3δ = 2 μm at 10 GHz for Cu, where δ is the
skin depth) needed to sufficiently suppress ohmic losses due to
the skin effect, and the greater-than-required thickness of Cu
(35 μm) acted as a thermal heat sink, limiting the maximum
achievable temperature in the microchannel.

The method described here for fabricating conductors is
easily transferable to other microfluidic substrates such as glass
and PDMS. Furthermore, our one-step method for conductor
fabrication obviates the need for electroplating, which is
typically required following thin-film deposition to achieve
sufficient conductor thickness. Our method also provides
easy bonding of the top and bottom cover plates to create
enclosed channel structures, which has proven challenging
for thermoplastic materials [45]. In contrast to previously
published reports [23, 29, 30], the transmission line structure
shown in this work isolates the fluid from the metal conductors
making these devices suitable for a variety of biochemical
applications in which reagent contamination due to electrolysis
or corrosion is undesirable.

An electromagnetic simulation of a geometrical structure
similar to that shown in figure 1(a) was performed using Sonnet
with nominal properties for copper, acrylic, COC and water.
The design parameters were varied to optimize microwave
power absorption in the fluid since absorption governs the
maximum attainable temperature. A trade-off relation was
found to exist between the power absorbed in the fluid and the
ratio of the channel height to the total substrate thickness (the
sum of cover plates and COC thickness). A smaller channel
height to substrate thickness ratio reduced the absorbed power
for a given fluid volume and incident microwave power.

The coupling of the microwave power from the amplifier
(less than, but approximately equal to 1 W) to the transmission
line and the microchannel was characterized theoretically and
experimentally by measuring the reflection coefficient (S11)
and the transmission coefficient (S21) and by calculating the
absorption ratio (A = 1 − |S11| − |S21|), which describes the
fraction of the incident power absorbed by the device, where

4
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Figure 2. Comparison between simulated and measured absorption
ratios, the fraction of the incident microwave power absorbed by the
device, as a function of frequency. The simulated and measured
responses are compared for the empty channel as well as the
water-filled device. The curves are constructed from S-parameter
data according to A = 1 – |S11| – |S21|, where S11 is the reflection
coefficient and S21 is the transmission coefficient. (• • •, upper
dotted line) Simulated full channel response, ( , upper solid
line) measured full channel response, ( , lower solid line)
measured empty channel response, (• • •, lower dotted line)
simulated empty channel response.

Sij (dB) = 10log10|Sij |. Figure 2 shows the simulated and
measured absorption ratios for the empty-channel and water-
filled device. Close agreement is found in both the amplitude
and shape for the full-channel device, but only in shape for
the empty-channel device with the correlation coefficient of
0.98 for the empty-channel device and 0.96 for the water-
filled device. The amplitude deviation in the experimental
absorption ratio for the empty-channel device can be attributed
to imperfections in the as-fabricated conductor. However,
this difference is much smaller for the water-filled device
apparently because fluid absorption dominates the absorptive
process.

The S-parameter information was also used to select
frequencies where large sinusoidally shaped temperature
gradients were expected. Specifically, we found that
constructive interference exists between the traveling and
reflected waves at a frequency corresponding to local maxima
in the absorption ratio curve for the water-filled device. The
absorbed power increases with increasing frequency, and the
peaks in the absorbed power exist at a variety of frequencies
(figure 2). However, the amplitude of the absorbed power at
the peaks for frequencies lower than 12 GHz is significantly
smaller than that at 12 GHz and above. Here, we show the
results of temperature measurements at the lowest (12 GHz)
and highest (19 GHz) frequencies that gave relatively large
peaks in the absorption ratio data.

Figure 3 shows the experimental temperature profile for
the excitation frequency of 19 GHz. The curve in figure 3 was
constructed by using the calibration curve of Rhodamine B
dye to convert the fluorescence intensity into temperature. We

Figure 3. The measured temperature versus distance along the
microchannel of an aqueous solution of 0.2 mmol L−1 Rhodamine B
in a 19 mmol L−1 carbonate buffer at the microwave excitation
frequency of 19 GHz. The solid line represents a theoretical
temperature fit to the measured data points shown in squares. The
measurement frequency was selected based on a local maximum in
A for the full channel device. At 19 GHz, S11 = 0.040, S21 = 0.343
and A = 0.617 for the full channel device.

Table 1. Results from nonlinear least-squares fitting of the
temperature gradient model (equation (3)) to the measured data
points shown in figures 3 and 4 for one device. A standard error of
zero indicates that this value was fixed during the fit.

12 GHz 19 GHz

Value SD Value SD

a (V mm−1) 6.986 0.051 6.310 0.024
b (V mm−1) 0.501 0.041 −0.281 0.017
β (deg mm−1) 29.11 0 46.35 0.974
θ p (deg) 264.8 3.25 154.1 7.071
α (mm−1) 0.015 0.002 0.010 0.001
Chi-square 1.193 – 0.257 –
R2 0.975 – 0.981 –

observed a nonlinearly modulated profile extending along the
length of the microchannel. We compared the temperatures
measured at different positions with our model of temperature
gradient generation by performing nonlinear least-squares
fitting of equation (3) to the measured data points using Origin
software (solid line in figure 3) and found good agreement
(R2 = 0.98). The parameter estimates and the associated
standard errors are listed in table 1.

For a given geometrical structure, the nonlinear
temperature profile (figure 3) can be altered by changing the
frequency of the microwave signal. This is demonstrated in
figure 4, which shows the spatial temperature profile obtained
for 12 GHz excitation frequency. Here, we observed a
nonlinear profile representing a sinusoidal wave extending
along the length of the microchannel. Our data also
resulted in a quasilinear temperature gradient with a slope of
7.3 ◦C mm−1 along a 2 mm distance. Linear temperature
gradients with comparable slopes have been used for DNA
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Figure 4. The measured temperature of an aqueous solution of
0.2 mmol L−1 Rhodamine B in a 19 mmol L−1 carbonate buffer as a
function of position along the microchannel at the microwave
excitation frequency of 12 GHz. The solid line represents a
theoretical temperature fit to the data points in squares. The
measurement frequency was selected based on a local minimum in
S11 (not shown here) and a local maximum in A for the full channel
device. At 12 GHz, S11 = 0.063, S21 = 0.490 and A = 0.447 for the
full channel device.

mutation detection [17], phase transition measurements in
phospholipid membranes [8], single-nucleotide polymorphism
(SNP) analysis [11] and continuous-flow thermal gradient
PCR [19]. As before, nonlinear least-squares fitting of the
theoretical model (solid line in figure 4) to the experimental
data shows good agreement (R2 = 0.98). Due to limitations
of our temperature gradient model, the fit to the 12 GHz data
was not able to estimate the attenuation constant, α, with
reasonable uncertainty because of multicollinearity (all of the
coefficients of the covariance matrix were >0.8). Therefore,
we performed the fit to 12 GHz data by fixing β (table 1). The
value of β that we used was obtained from the fit to 19 GHz
data by assuming that dispersion was negligible and scaling
appropriately for the ratio of the two frequencies.

One noteworthy application of a rapid, nonlinear
temperature (electric field) gradient is electric field gradient
focusing (EFGF) of charged molecules. It has been suggested
theoretically that the peak capacity and resolution of EFGF and
other related methods, such as TGF [16], could be increased
by using a nonlinear field (temperature) gradient provided
that the first portion of the gradient is steep, the following
section is shallow and that the sample components can be
moved from the first portion to the second after focusing in
the first portion [46, 47]. It should be possible to optimize our
experimental setup to produce temperature gradients that meet
these requirements.

To demonstrate the efficacy of our technique
for generating temperature gradients, we performed
measurements on several different devices (table 2). The
general shape of the temperature gradient curve was found
to reproduce well for all of the measurements. We also
determined that the statistical deviations shown in the table

Table 2. The average and standard deviations of the fitting
parameters extracted from nonlinear least-squares fitting of
measured temperature gradient data to the theoretical model shown
in equation (3) (n = 6 for 12 GHz data and n = 5 for 19 GHz data).
A standard deviation of zero indicates that this value was fixed
during the fit as described in the text.

12 GHz 19 GHz

Mean Average SD Mean Average SD

a (V mm−1) 6.912 0.049 6.427 0.035
b (V mm−1) 0.502 0.040 0.092 0.025
β (deg mm−1) 29.106 0.0 46.123 1.833
θp (deg) 259.4 3.229 193.6 14.22
α (mm−1) 0.011 0.002 0.012 0.002
Chi-square 1.142 – 0.712 –
R2 0.971 – 0.923 –

come primarily from variations in the geometrical dimensions
of the device introduced during the fabrication process.

Even though Rhodamine B dye was used successfully to
demonstrate the presence of temperature gradients, accurate
generation of the temperature gradient profile warrants
improvements to the temperature detection method. In fact, a
number of researchers have reported the specific absorption
of Rhodamine B in PDMS substrates [43, 48]. In our
experiment, Rhodamine B was found to absorb into acrylic
adhesive resulting in temperatures that were representative of
channel surface rather than that of the bulk fluid. Additionally,
after repeated use the absorption resulted in non-uniform
fluorescence intensity across the length of the microchannel
indicating that the absorption was non-uniform in space which
limited the reusability of our devices. Hence, our results
demonstrate that while the method for generating spatial
temperature gradients is robust as shown from the repeated
measurements and low statistical error (table 2), the frequent
use of our devices results in the channel surface becoming
saturated with Rhodamine B dye limiting their overall use.

It should be possible to prevent the absorption of
Rhodamine B dye on the microchannel surface by modifying
those surfaces with appropriate surface treatments as is
typically done for analyte separations in microfluidic devices
[49]. Further, we also predict that a two-step process could be
utilized to eliminate potential interactions of Rhodamine B dye
with chemicals of interest. As the first step, a set of devices
would be used with a dye solution to calibrate the temperature
difference versus the microwave power characteristic of the
device, and an identical device would be later used without the
dye solution for performing biological or chemical studies.
Alternatively, an electronic temperature sensor such as a
thermocouple or resistance thermometer could be integrated
into the device at a convenient reference location along the
channel for optical calibration.

Figure 5 plots the temperature as a function of time at
one location along the microfluidic channel for a 1 s duration
pulse of approximately 1 W of microwave power applied to
the device. Substantially, more power (about 1 W from the
amplifier) was required to raise the temperature of the fluid
to 46 ◦C in 1 s than would be required to hold it at this
temperature for an additional second as might be required
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Figure 5. Transient temperature response of the integrated
microfluidic device. A temperture of 46 ◦C was obtained at some
locations in the microchannel with 1 W of microwave power at the
output of power amplifier for 1 s. The fact that the temperature did
not reach a steady state value in this time shows that considerably
less power would be required to hold the temperature constant for a
second. The addition of feedback control and a higher power
amplifier would facilitate higher temperatures, a faster rate of
increase in temperature, as well as the capability to hold the fluid
temperature constant for a short period of time without raising the
device temperature significantly

in practical applications. It would be much easier to add
feedback control of the microwave power if the temperature at
a reference location was measured electronically rather than
optically even if Rhodamine B or some other fluorescent dye
was compatible with the other chemicals in the microchannel.

Finally, the growing concern that exposure to microwaves
can be harmful to living cells may limit the ability to
operate highly integrated lab-on-a-chip devices containing
living microorganisms in conventional microwave ovens.
On the other hand, the microwave field decreases rather
rapidly away from a properly designed microscale microwave
generator, potentially allowing live organisms and microwave
transducers to co-exist on a lab-on-a-chip device. Our
approach to establish temperature gradients appears to be
especially well suited for thermal gradient focusing methods
for analyte separations of cell metabolites in lab-on-a-chip
devices. Other potential applications of integrated microwave
heaters include cell lysis and PCR [50], as mentioned
previously. The localized nature of on-chip microwave heating
means that separate microwave heaters optimized for these
different tasks could also co-exist on a single lab-on-a-chip
device. Therefore, we believe that the technique outlined in
this work will facilitate the application of microfluidics to
other biological and chemical applications requiring spatial
temperature gradients as well as to temperature gradient
generation.

5. Conclusions

We have described a new robust technique to generate
temperature gradients rapidly and selectively using an
integrated microwave microfluidic device. The shape of the
temperature profile can be adjusted by varying the microwave
excitation frequency and the amplitude of the profile can

be adjusted by varying the microwave power. With our
technique, the temperature gradients can be established locally
and selectively by positioning the transmission line in the
region of interest over the fluidic network.

The device used in this study offers several advantages.
The heating elements are integrated with the microchannel so
this device offers a portable platform for generating spatial
temperature gradients. The device is simple, easy to use and
allows for high frequency operation. The heating elements are
easy to fabricate and the fabrication method is transferable to
other microfluidic substrates. Reducing the thickness of the
copper electrodes would provide larger temperature changes
within the microchannel.

We predict that this approach can be scaled for high-
throughput studies by fabricating multiple transmission lines
in parallel, and that the absorption of Rhodamine B can be
alleviated by modifying the surface to further improve the
accuracy of fluid temperature measurements. Our approach to
establish temperature gradients would be especially well suited
for field gradient focusing methods for analyte separations.
We also believe that the technique outlined in this paper will
facilitate the application of microfluidics to a multitude of
other biological and chemical applications requiring spatial
temperature gradients.
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