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This paper presents a continuous-flow polymerase chain reaction (PCR) microchip with a serpentine
microchannel of varying width for “regional velocity control.” Varying the channel width by
incorporating expanding and contracting conduits made it possible to control DNA sample velocities
for the optimization of the exposure times of the sample to each temperature phase while minimizing
the transitional periods during temperature transitions. A finite element analysis (FEA) and semi-
analytical heat transfer model was used to determine the distances between the three heating
assemblies that are responsible for creating the denaturation (96 °C), hybridization (60 °C), and
extension (72 °C) temperature zones within the microchip. Predictions from the thermal FEA and
semi-analytical model were compared with temperature measurements obtained from an infrared
(IR) camera. Flow-field FEAs were also performed to predict the velocity distributions in the regions
of the expanding and contracting conduits to study the effects of the microchannel geometry on flow
recirculation and bubble nucleation. The flow fields were empirically studied using micro particle
image velocimetry (μ-PIV) to validate the flow-field FEA’s and to determine experimental velocities
in each of the regions of different width. Successful amplification of a 90 base pair (bp) bacillus
anthracis DNA fragment was achieved.

Index Terms
Continuous-flow; microelectromechanical systems (MEMS); polymerase chain reaction (PCR);
regional velocity control

I. INTRODUCTION
POLYMERASE chain reaction (PCR) is an assay used to amplify specific regions of DNA
between two known flanking base pair sequences. PCR has become one of the most widely
utilized scientific tools in molecular biology since its inception in the mid 1980s. Conventional
PCR has revolutionized fields like molecular biology and biochemistry and has become an
important tool in forensics, genetics, the evolutionary sciences, clinical research, and in many
other areas [1]. Its applications range from diagnosis of infectious disease to analysis of specific
gene mutations that occur in a variety of genetic disorders.

PCR amplification is obtained using short oligonucleotide primers which exactly complement
the flanking sequences. Once attached to the host strands, the primers are extended by a DNA
polymerase enzyme in the presence of deoxynucleoside triphosphates (dNTPs). Reaction
conditions and heat transfer rates must be optimized for the PCR process to run most smoothly
and efficiently. PCR can be conveniently divided into three distinct phases: denaturation
(melting), annealing (hybridization), and extension (replication). In the denaturation phase,
dsDNA (double-stranded DNA) is heated to approximately 85–98 °C so that the two strands
of nucleotides divide into two single strands (ssDNA). Once the strands have separated, the
temperature is cooled to 50–60 °C for the annealing phase where the primers hybridize to a
flanking sequence on each ssDNA template. Finally, the temperature is increased to 70–75 °
C and the target region is extended by means of a Taq polymerase enzyme starting from the
flanking sequence and ending at the other end of the template. The Taq enzyme essentially
extends the primers by pulling the dNTPs from the sample solution to complete the new copies
of the target sequence. In contrast to denaturation and hybridization, which occur almost
instantly, the length of the extension phase is restricted by the 100 nucleotide per second
extension rate of the Taq enzyme. Theoretically, the time limiting factor for the reaction is the
extension phase [2]. Realistically, the time constraining factor for the reaction involves
limitations in the achievable heating and cooling rates of the sample.

In the past decade, microfabrication technology has led to the development of a variety of high-
throughout miniature PCR microdevices. This technology has allowed for a drastic increase
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in heat transfer rates due to the high surface area-to-volume ratio associated with
microstructures. Such devices have been mainly constructed under two basic design platforms.
The more common platform consists of etched microchambers in silicon that host immobilized
(stationary) samples in contact with heating elements that cycle the temperature [3]–[6]. The
other platform is based on a continuous-flow format where the sample is spatially cycled in a
serpentine microchannel through three well-distinguished permanent temperature zones [7]–
[15].

Since optimum reaction temperatures and exposure times of the sample to each temperature
are key to successful DNA amplification, thermal/fluid control of heat transfer rates,
temperature distributions, and sample velocities within the microchip and of the DNA sample
are critical issues in PCR technology [16]. Typical problems associated with current flow-
through PCR microdevices include: failure to maintain uniform temperatures in each of the
three monolithic temperature zones due to lateral heat conduction between the heaters and
unnecessarily extended transitional times, the periods in which the DNA sample is not at one
of the three optimal phase temperatures (the region between the temperature zones). Obstacles
like nonspecific amplification and low product yield typically arise from exceedingly long
transitional times between the optimal temperatures of each phase and by unnecessarily
extended exposure times to the high denaturation temperature. The way in which the heating
and cooling of the samples is implemented in PCR is vital for high product yields and
specificity. Although efforts have been made to study thermal/fluid transport phenomena
within continuous-flow PCR devices, design approaches for better thermal/fluid control have
not yet been explored [7]–[9].

Here we present a continuous-flow PCR microdevice with “regional velocity control” and a
better heating configuration for the efficient chemical amplification of DNA. The microdevice
contains a serpentine microchannel with varying widths serving to regulate the flow velocities
of the DNA sample through the channel limiting transitional times, the time periods in which
the sample is traveling between temperature zones (denaturation, annealing, and extension
zones). Channel width variations were made by sets of periodically arranged expanding and
contracting conduits. Finite element analysis (FEA) tools and a semi-analytical heat transfer
model were used to investigate heat transfer and flow behavior within the microdevice and
inside the serpentine microchannel. Specifically, the FEA02019;s were conducted to determine
the optimal distances (heater spacings) between three integrated heating assemblies that
generated the three monolithic temperature zones (see Fig. 1) and to predict the effects of the
geometries of the expanding and contracting conduits on the flow fields in these regions. The
semi-analytical heat transfer model was developed to predict the optimized heater spacings
between the three heating assemblies. Results from the thermal FEA were compared with those
from the semi-analytical heat transfer analysis to ensure precision of the optimized spacings.
An experimental surface temperature distribution obtained by an infrared (IR) camera at the
top surface of the microdevice opposite the side with the attached heating assemblies was taken
to verify the accuracy of our predictions from both the thermal FEA and semi-analytical model.
Microparticle image velocimetry (μ-PIV) was utilized to empirically visualize the velocity
fields at various downstream locations within the microchannel. μ-PIV results were compared
with the flow-field FEA to ensure the accuracy of determined flow velocities within segments
of each of the various widths of the microchannel and to gauge the effects of the expanding
and contracting channel geometries on flow recirculation and bubble nucleation. Successful
amplification of a 90 bp DNA bacillus anthracis fragment was achieved using our PCR
microchip.
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II. DESIGN FEATURES/FABRICATION OF THE CONTINUOUS-FLOW PCR
MICRODEVICE

In designing the continuous-flow PCR microdevice with regional velocity control, the
following aspects were found to be very important: 1) microchip material selection, 2)
serpentine microchannel geometry/dimensions (i.e., number of reaction cycles, length ratio—
a ratio of the channel lengths traversing each temperature zone per geometrical thermal cycle),
3) microchip/heating assembly fabrication, and 4) heater spacings (the spacing between the
temperature zones).

A. Microchip Material Selection
Polymers have been extensively used for biomedical microdevices since many are cheap
biocompatible, and lend themselves to unique features which depend on the particular material
and application [4], [6], [9]. However, because most polymers are highly permeable to gases,
they are usually insufficient for use in PCR microdevices [6]. Silicon and glass have been the
most widely used materials in lab-on-a-chip devices since a vast array of well-established
integrated circuit (IC) and microfabrication technologies are available. The high thermal
conductivity of silicon makes it difficult to maintain discrete well-regulated temperature zones
due to lateral heat conduction and its opaque optical characteristics restrict the utilization of
real-time fluorescence detection techniques. To the contrary, glass is an excellent choice for
PCR microdevices since it is impermeable to gases, is readily treated by a variety of surface
coating agents to reduce DNA and enzyme adsorption, is transparent to visible light making it
amenable to fluorescence detection [17], and has a thermal conductivity suitable for
establishing uniform temperature zones within a confined area while limiting lateral heat
conduction.

B. Serpentine Microchannel Geometry and Heater Assembly Spacings
The geometry and arrangement of the serpentine microchannel with respect to the three
temperature zones must ensure that the microchannel sufficiently traverses through each
temperature zone, reduces the possibility for flow recirculation/bubble formation, and limits
overall microchip dimensions. The layout of the channel must be consistent with the orientation
and configuration of the heating assemblies. The velocity of a sample in a typical serpentine
channel of constant cross-sectional area for PCR is the same throughout; velocities in both the
transitional regions and temperature zones are monotonous. This results in unnecessarily
extended denaturation, hybridization, and transitional periods that degrade enzyme activity and
spawn the improper duplication of spurious DNA species. To eliminate these extended periods,
the width of the microchannel in our flow-through chip was made variable in a periodic
arrangement throughout its length by integrating expanding and contracting conduits, linear
expansions and contractions in the side-walls of the microchannel. Small channel widths were
set in the transitional zones so that the sample would have relatively high flow velocities in
these regions. Larger widths were set in the temperature zones (denaturation, annealing, and
extension) to provide for optimal exposure times. The dimensions of the channel were carefully
chosen to avoid flow recirculation, which nucleates bubbles. The exposure time ratio of the
sample to each temperature zone was decided to 1:2:4 for denaturation, hybridization, and
extension, respectively. The widths for denaturation, hybridization, and extension (100 µm,
273 µm, and 340 µm, respectively) were predetermined by considering, to a close
approximation, the relative exposure needs of commonly amplified DNA fragments. The
channel width in the transition zones was set to 10 µm to coerce the sample through these
interim regions at high velocities. The depth of the channel was maintained at 30 µm throughout
its length so that the magnitude of the cross-sectional area was controlled by channel-width
alone. To determine the channel-widths and microchannel length-ratio, the spacing between
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the heaters was optimized to limit lateral heat conduction, which smears the temperature zones.
Twenty identical channel oscillations (thermal cycles) for a 20-cycle PCR reaction were
designed into the microchip. In addition to the normal reaction cycles, a preliminary extended
melting cycle, providing for “hot start” PCR, and an extended post-extension cycle were
appended to maximize replication.

C. Microchip/Heating Assembly Fabrication
To create the etched serpentine microchannel, a 100-nm amorphous silicon thin-film was
initially deposited on a four-inch diameter borosilicate glass wafer. Amorphous silicon was
chosen as the masking material due to its selective nature to the etchant [18]. After patterning,
the channel was etched to 30 µm with hydrofluoric acid (HF) and stripped by reactive ion
etching with CF4 plasma. On a separate glass wafer, three holes of 1.0 mm diameter were
powder blasted as inlets and outlets for access to the channel (additional assembly required).
The patterned wafer and the separate glass piece with the holes were fusion bonded to the wafer
with the serpentine microchannel.

To provide access to the channel, Headless Coned Nanoport Assemblies (UpChurch Scientific,
N-126H, WA, USA) accommodating 0.79-mm (1/32-inch) tubing (OD) were bonded over the
powder blasted holes on the upper wafer halve (after fusion bonding). Prior to affixation, the
bottom surfaces of the Nanoports were soaked in isopropyl alcohol (IPA) for 5 min and the
fused glass PCR microchip was cleaned in a Piranha solution (1600 ml H2SO4+800 ml
H2O2) for 10 min. Both substrates were dried with N2 gas and placed on a 100° C hot plate for
20 min to remove residual moisture. Two layers of a ring-shaped biocompatible epoxy were
attached to each of the Nanoports to bind them to the glass directly superseding the holes.
Alignment with the holes was achieved by threading a glass capillary of 0.4 mm diameter
through the Nanoports and placing the far end of the capillary into the holes. The ports were
positioned by letting them slide down the capillary directly onto the holes. Manual pressure
was subsequently applied to the Nanoport to ensure complete adherence to the glass. The bond
was made permanent by clamping the ports down while baking at 120° C for 90 min. The
length, width, and thickness of the assembled chip measure 75, 48, and 1 mm, respectively.

Three heating assemblies, consisting of thin-film resistive Kapton Heaters (Minco,
HK5160R157L12, MN, USA) appended to rectangular copper blocks, were integrated onto
the chip to create the three discrete temperature zones. The copper blocks, measuring 60 mm
long × 12 mm wide × 7 mm high, provided for more uniform temperature zones due to their
lumped thermal capacitance and high thermal conductivity. The Kapton Heaters were bonded
to the copper blocks using a single layer of a thermally conductive epoxy (Minco, PSA #10,
MN, USA). The heater/copper block compilations were later applied to the glass substrate
using two layers of the same adhesive. Thermocouples (Minco, S245PD12245, MN, USA)
were cemented to each of the three copper blocks for temperature feedback via a connection
to three digital PID (proportional, integral, and derivative) temperature controllers (Minco,
CA16A2010-9502, MN, USA) and a homemade voltage amplification circuit. Schematics of
the microchip assembly, devised mostly in Solid Works graphics software, are shown in Fig.
1; a photograph of the PCR microdevice is shown in Fig. 2.

III. THERMAL–FLUID ANALYSIS OF THE PCR MICRODEVICE
The optimized spacings between the heaters were determined using a finite element analysis
(FEA) and semi-analytical heat transfer model. Results from the analyzes were compared to
validate their accuracy and precision. Simulation results were also compared with empirically-
obtained IR surface temperature data. An initial estimate of the geometry and dimensions of
the microchannel was made from information found in prior literature. Using this information
and noting that the optimal flow rate of the sample inside the microchannel was around 1 µl/
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min, the thermal mass ratio of the DNA sample and the glass substrate per unit time was found
to be less than 0.01 so the effect on the temperature distribution due to the convective heat
transfer inside the microchannel was assumed to be negligible. The primary goal of the thermal
investigations was to determine the size of the heater spacings in order to form finely tuned
temperature zones while avoiding lateral heat conduction. A finite element simulation of fluid
flow in the microchannel was also conducted to predict flow velocities and study the influences
of the expanding and contracting conduits on flow recirculation and bubble nucleation. μ-PIV
was used to take experimental flow-field measurements for comparison with the flow-field
FEA.

A. Thermal Finite Element Analysis (FEA)
ANSYS 5.6 software was employed in the thermal FEA to optimize the spacings between the
heaters. The following properties were used in the analysis: 1) the thermal conductivity of glass
≈ 1.13 W/m K and of the copper ≈ 400 W/m K and 2) the convective heat transfer coefficient
with the air ≈ 7.5 W/m2·K. The configuration of the three copper heating assemblies on the
glass substrate is shown in Fig. 1.

To optimize channel geometry and to produce discreet temperature zones without lateral heat
conduction, we investigated spacings ranging from 3 mm to 12 mm between juxtaposing
heaters. The three heaters were positioned onto the bottom surface of the substrate and then
adjusted in terms of the spacing between them. Temperature distributions in the x-direction
with heater spacings of 3 mm-3 mm (“spacing between 96 °C and 72 °C”-“spacing between
72 °C and 60 °C”), 7–7.2 mm, and 12–12 mm are shown in Fig. 3. A spacing of 3 −3 mm was
found to result in superfluous lateral heat conduction that partially smeared the temperature
distribution between contiguous zones. Because of this, larger spacings were deemed necessary
to enhance temperature zone isolation and uniformity. However, we found that some spacing
confinement was necessary to keep the absolute size of the microchip to a minimum. Increasing
the spacings does indeed improve zone isolation; however, it does so at the expense of
increasing the dimensions of the microchip. Unnecessarily large heater spacings also result in
increased flow distances required in the transitional regions between temperature zones (for a
given heater width) elongating transitional periods. Heater spacings of 7.0 mm between the
denaturation (96 °C) and extension (72 °C) zones and 7.2 mm between the extension and
hybridization (60 °C) zones produced finely tuned temperature zones that were uniform and
isolated with little lateral heat conduction.

The particular optimized heater spacings were derived by instilling a zero heat flux boundary
condition in the y-direction at the leading edges of each of the heaters. Due to the 96 °C heater,
a negative temperature gradient exists in the positive × direction. The presence of each heater
creates a section of constant temperature with a size equal to the width of the heater. The heater
used to create the extension zone was positioned first (middle heater) and the hybridization/
annealing heater was positioned second (furthest from the 96 °C heater). Along the length of
each of the second two heaters (i = 2,3), the heat flux in the vertical y-direction into the
microchip varied due to disparities in the temperature difference between the superimposing
differential heating element and the temperature of the underlying substrate. The “zero-heat-
flux” boundary condition is the idea that the optimal positions for the heaters are located where
the heat flux between the leading heating element of the lower temperature heaters (i = 2,3)
and the underlying glass substrate (t1)are zero. This is where the heater and the surface
temperature are the same. By utilizing this condition and locating the complying positions, the
heaters could be rearranged so that the leading edges of the two lower temperature heaters (72
°C and 60 °C) coincided with the locations with zero heat flux. As shown in Fig. 3, when the
heater spacings were approximately 7 mm, the temperature zones were found to be isolated
and uniform in the x-direction. At the same time, the absolute dimensions of the microchip
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were minimized as much as possible. Temperature variation in the z-direction was very small
so temperature in the z-direction was assumed uniform.

B. Semi-Analytical Thermal Modeling
A semi-analytical model was developed to verify the results of the thermal FEA. The analysis
is based on the dimensions of the microchip and the material/thermal properties used in the
thermal FEA. Convective heat transfer from the sides of the PCR chip was neglected due to
the small exposed surface area and small temperature differences relative to the environment.
This is equivalent to assuming that lateral heat flux is zero, dT/dx = 0, and that the temperature
approaches the ambient temperature.

The analytical model was first devised by partitioning each heater into m equal divisions (m
heating elements) as shown in Fig. 4 in order to study the heat flux between the heaters and
the bottom surface of the substrate, which spatially varies in the x-direction. wi,j, tq,hi,j denote
the width of the jth element heater, thickness of the glass slabs where q = 1 for t1 and q = 2 for
t2, and interfacial positioning, respectively. Since two glass wafers were bonded together
resulting in potential contact resistance between their interfaces (which is later neglected),q =
1 is the thickness of the bottom wafer in contact with the heaters and q = 2 is the thickness of
the top wafer. The interfacial positioning and the position of a particular differential heating
element are defined in Fig. 4. The two subscripts i and j denote specific values of h, i.e., the
specific heating elements. The first subscript denotes the heater (i = 1,2,3) and the second
subscript denotes the particular heating element within the heater (j = 1,2,3,…,m). The i and
j subscripts are the same on the heating element thickness variable,wi,j.

A two-dimensional steady-state heat conduction equation for the bottom glass layer (q = 1)and
the top glass layer (q = 2)was utilized to derive an (x,y) temperature distribution in the top slab.

(1)

where q represents the qth glass layer referenced from the top surface of the microchip. At y
= 0 we generated the following boundary conditions using an energy balance on a control
volume incorporating a single rectangular heating element of width wi,j:

(2)

where Qi,j is the input power per unit length of element j on heater i(i = 1,2,3), wi,j is the width
of heating element j, and ht is the convective heat transfer coefficient (we ignore the variation
of ht on the surfaces), and k1 and k2 are the thermal conductivities of the glass slabs.

If we define an input power function

, (2) can be rewritten in a more general
form as
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(3)

The boundary conditions at the interface between q = 1 and q = 2, the bottom and top substrates,
neglecting contact resistance are

(4)

At the bottom of the PCR chip, we have

(5)

Fourier transforms were utilized to morph the governing conduction equation and the boundary
conditions forming an eigenvalue problem [19]. The general solution to the eigenvalue
problem, consisting of Aq sinh (λyq)and Bq cosh (λyq) terms, was applicable to both the and q
= 1 and q = 2 layers. The transformed boundary conditions were used to evaluate A1,B1 for q
= 1 and A2,B2 for q = 2. The temperature distribution for the q = 1 layer was found to be the
following:

(6)

where

The x-dependent temperature distribution at the interface between the q = 1and q = 2 layers
was found to be

(7)

Equation (6) was further evaluated by expanding it into an equivalent linear combination of
3m analytical equations, one corresponding to each heating element j for the three heaters i =
1,2,3. Thus, a matrix of equations was formulated and solved computationally for a
comprehensible (x, y1) temperature distribution and the generated power Qi,j by each heating
element. By differentiating (6) with respect to the y-direction, we obtained the following
temperature gradient equation:
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(8)

In accordance with the “zero heat flux” criterion whereby the heat flux at the leading edges of
the extension (72 °C) and hybridization (60 °C) heaters should be zero at y = 0 (surface with
the heaters), (8) was set equal to zero for y = y1 = 0 and solved for the two heating elements
hi,1where i = 2,3.

(9)

From (9), the heater spacings were determined. We found heater spacings of 7.0 mm between
the denaturation and extension zones and 7.2 mm between the extension and hybridization
zones produce nicely regulated temperature zones without lateral heat conduction problems.

C. Infrared (IR) Surface Temperature Measurements
Since the components of the PCR cocktail (mixture) and amplification reaction are
temperature-sensitive, it was important to know, at least to a rough estimate, the temperature
in the channel so that the thermocouples could be calibrated and the set points on the PID
(proportional, integral, and derivative) controllers could be adjusted properly. Therefore,
surface temperatures were measured at the top surface of the microchip and used as a baseline
for determining temperatures within the microchannel. An infrared (IR) camera was used to
measure surface temperatures. Before any measurements were taken, the IR camera was
calibrated to compensate for the effects of the environment, i.e., the emissivity was determined
and accounted for, etc. After the temperature readings stabilized, the surface emissivity was
measured using a TrueRMS Supermeter (HHM290, OMEGA, USA) so the value could be
inputted into the camera. An IR image showing the experimental surface temperature
distribution is shown in Fig. 5. Temperatures at locations in the direction of the thickness of
the chip (y-direction) were estimated using the IR surface temperature measurements (at y =
t1 + t2) as a reference. The heater spacings and temperature profiles in the x-direction predicted
by our semi-analytical model and FEA matched those from the IR measurement as shown in
Fig. 6. The discrepancies in temperature at the edges of the microchip between the FEA and
semi-analytical model are due to the infinite boundary assumption as was discussed earlier.

D. Flow Simulations Within the Serpentine Microchannel
It was hypothesized that having a serpentine channel of varying widths could potentially cause
flow recirculation that would nucleate bubbles in the regions with the expanding and
contracting conduits [10]. Bubbles induce temperature gradients within the sample that
significantly reduce or inhibit amplification while flow recirculation increases flow resistance
(and may nucleate bubbles). Flow recirculation occurs when the back pressure supersedes the
pressure drop in the flow direction resulting in forward and backward flows within different
regions of the cross-section. The maximum Re number for the flow in the microchannel of our
microchip was 18 at typical flow rates in our experiments (1–5 µl/min).

The fluid in the channel was observed to be highly constricted in some instances without
lingering obstructions blocking the flow. Flow recirculation caused by both excessive back
pressure and microchannel geometry was thought to be the culprit. If a reasonable pressure
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drop exists in the downstream direction, then it is highly improbable that flow recirculation
will occur. Oppositely, adverse pressure gradients (backpressure) are much more likely to
induce some recirculation regimes near the microchannel wall.

It was found in the literature that when the angles of the converging/ diverging conduits were
small, the probability of flow recirculation is minimized vis-à-vis steep profiles. Furthermore,
an angle of 7° was found to be the best wall profile slope of the conduit expansions and
retractions for minimizing recirculation effects [20]. Fig. 7 shows colorimetric velocity fields
given by the FEA inside the expanding and contracting conduits within the microchannel.

E. μ-PIV Velocity Field Measurements
Micro particle image velocimetry (μ-PIV) was used to measure the velocity fields inside the
microchannel at various downstream locations [21]–[23]. A double pulsed 532 nm Nd:YAG
laser beam (Continuum, Santa Clara, CA), attenuated to 3 mJ/pulse, was utilized in the
measurements. 900 nm diameter fluorescent seed particles (Duke Scientific Co., Palo Alto,
CA) absorbed the laser light and emitted at a peak excitation wavelength of 612 nm. The emitted
light was filtered and imaged with an inverted biological microscope (Nikon model T-300
Inverted Microscope). A La Vision Flowmaster 3 camera (Lavision Inc., Ypsilanti, MI) was
used to capture the μ-PIV image pairs for cross-correlation analysis.

The concentration of the fluorescent particle solution was prepared so that a sufficient number
of seed particles would fall within the depth-of-correlation [24], [25] in each region of the
microchannel that measurements were taken. This resulted in a volumetric particle
concentration of approximately 0.057% of the total volume of solution. This volume fraction
of seed particles was small enough that any two-phase solid/liquid effects were negligible and
that the working fluid could be considered a single-phase fluid.

Error in the μ-PIV images was estimated by assuming that the measured particle displacements
for velocity calculations were accurate to within approximately a tenth of the seed particle
image diameter [26]. For the μ-PIV experiments, the image diameter for a particle in the object
plane can be approximated as [27]

(10)

where M is the magnification,dp is the particle diameter, and ds is the diffraction-limited spot
size. When de = 1.9 µ m, the measured particle displacement in the μ-PIV experiments were
accurate to within 0.19 µm. In each of the μ-PIV experiments, the particles moved
approximately 7 µm between laser pulses resulting in an experimental uncertainty of 2.7%.

To reduce the amount of uncertainty associated with the experiment, 100 images were obtained,
summarized, and averaged to return a velocity profile inside the microchannel for each
measurement location. Flow rates of 1 µl/min and 5 µl/min were used in the μ-PIV
measurements. Velocity measurements were obtained at 16 locations in the downstream
direction where flow recirculation was thought to most likely occur. The 16 positions were
located along a single cycle of the microchannel geometry. The measurements taken for the
individual cycle were representative of the flow field in the entire microchannel due to its
periodic geometry.

Fig. 8 shows μ-PIV images taken at locations where the velocity of the fluid was the fastest
and at regions containing expanding and contracting conduits. Fig. 9 shows velocity profiles
in the three temperature zones at a flow rate of 1 µl/min. The average velocities in the
denaturation, hybridization, and extension zones were found to be 4.46 mm/s, 2.36 mm/s, and
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1.73 mm/s, which were close to the average velocities of 3.78, 1.74, and 1.44 mm/s,
respectively, obtained from the FEA. Exposure times of the sample to each temperature per
cycle were calculated by dividing the total volume of the segment by the average volume flow
rate of the particular segment. The exposure time ratio of the three temperature zones was
calculated to be 1:2:4 from the μ-PIV measurements. It was also seen that there was very little
flow recirculation in the microchannel at the tested flow rates.

IV. PCR AMPLIFICATION EXPERIMENTS
The experimental setup for PCR amplification is shown in Fig. 10. A 100 µl gas-tight syringe
(Hamilton Company, UK) was connected to a programmable syringe pump (Ne-1000, New
Era Pump System, NY). The syringe pump was connected to the PCR chip using PEEK tubing
(UpChurch, WA). In order to avoid channel blockage, an in-line 0.5 µm micro-filter
(UpChurch, WA) was installed in front of the glass chip to remove particulate residuals inside
the solution. A 90 bp bacillus anthracis sequence (from Sterne) strain was used to test the PCR
chip. The upstream DNA primer was 5‘AATCTTCCGCAATGGACG3’ and the downstream
primer was 5‘TTCTTCCCTAACAACAGAG3’. Initially, deionized (DI) water and ethanol
were flushed through the microchannel at a flow rate of 10 µl/min. SigmaCote (Sigma, USA)
was used to silanize the inner wall of the microchannel to prevent the adsorption of Taq enzyme
to the surface of the microchannel. After silanization, ethanol was used to remove excess silane
and DI water was once again flushed through the microchannel at a flow rate of 10 µl/min.
The heating elements were then turned on and allowed to stabilize. At this point, liquid buffer
was pumped through the chip at a flow rate of 1 µl/min to prime the channel. The buffer
contained 5 µg/ µl and 10% Tween 20 surfactant. 100 µl DNA sample was then pumped through
the microchannel at a flow rate of 1 µl/min and the amplified product was collected from the
outlet in 15 µl aliquots and placed in small vials for further analysis using slab-gel
electrophoresis. A negative control was run without enzyme to make sure that the amplified
product was specific. Fig. 11 shows the results from gel electrophoresis. The leftmost lane
(lane 1) is the DNA ladder, which was used to determine whether amplified sequence was of
the proper length. Lanes 2–4 show the highly amplified DNA sequence obtained from the PCR
microdevice. The rightmost lane (lane 5) shows the control sequence. The control was used to
rule out erroneous amplification and was devoid of the Taq enzyme.

V. CONCLUSION
We have developed a continuous-flow PCR microchip with a serpentine microchannel of
varying widths and optimized heater spacings for optimal DNA amplification. Varying the
channel widths allowed control over the local velocities at different downstream positions in
the microchannel thereby optimizing the exposure times of the sample to each temperature
zone and significantly reducing transitional periods. A semi-analytical heat transfer model and
FEA were performed to calculate the temperature distribution inside the microchip and to
optimize the spacings between the heaters. Empirical IR surface temperature measurements
showed that the temperature zones were uniform. The IR measurements agreed with results
from the semi-analytical model and the thermal FEA and were used as a baseline in determining
the empirical temperatures within the microchip. μ-PIV was utilized to visualize the velocity
fields inside the microchannel at different downstream locations. Results of the μ-PIV
measurements were compared with the flow-field FEA. Successful amplification of a 90 bp
bacillus anthracis DNA fragment was achieved.
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Fig. 1.
(a) A schematic of the thermally-optimized 20-cycle continuous-flow PCR microdevice with
“regional velocity control”. (b) A top view of the microchip (mask). (c) One cycle of the
microchannel showing the varying widths.
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Fig. 2.
Photograph of the 20-cycle PCR microdevice.
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Fig. 3.
(a) Temperature distributions in the x-direction from 96 °C to 72 °C to 60 °C at various heater
spacings. Spacings of approximately 7 mm resulted in temperature zones that were well
isolated. (b) Heat flux in the vertical direction at heater spacings of 3–3 mm, 7–7.2 mm, and
12–12 mm.
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Fig. 4.
The inverted (oriented upside down) geometry serving as the basis for our semi-analytical
model of thermal behavior in the PCR microchip. The configuration was also used in the “zero-
heat-flux” condition in the thermal FEA.
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Fig. 5.
An IR picture showing the temperature distribution on the top surface of the microchip
(opposite the side in contact with the three heating assemblies).
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Fig. 6.
Temperature profiles along the x-direction extracted from the semi-analytical model, finite
element analysis, and IR measurement.
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Fig. 7.
Velocity field distributions of an (a) 7° diffuser (expansion) and a (b) 7° nozzle (contraction)
at the target flow rate of 1–5 µl/min. The distributions were produced by ANSYS software.
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Fig. 8.
μ-PIV measurements taken at regions of the microchannel with (a) nonsloping wall profiles,
(b) expanding conduits, and (c) contracting conduits at flow rates of 1 µl/min and 5 µl/min.
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Fig. 9.
μ-PIV measurements taken at a segment of the microchannel in the (a) denaturation zone, (b)
annealing zone, and (c) extension zone at the flow rate of 1 µl/min.
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Fig. 10.
The experimental setup for running DNA amplification experiments and the wiring diagram
of the temperature control system.
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Fig. 11.
Gel electrophoresis results from a 20-cycle amplification reaction at 1 µl/min.
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