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Precise design and operational control of the polymerase
chain reaction process is key to the performance of on-
chip DNA analysis. This research is dedicated to under-
standing the fluid flow and heat transfer mechanisms
occurring in continuous flow PCR chips from the engi-
neering point of view. In this work, a 3-dimensional model
was developed to simulate the electrical potential field,
the flow field, and the temperature field in an electroos-
mosis-based continuous flow PCR chip. On the basis of
the simultaneous solution to this model, the effects of the
channel/chip size, the chip material, and the applied
voltage difference on the temperature distribution and
control are discussed in detail. The importance of each
heat transfer mechanism for different situations is also
discussed. It was found that if a larger chip thickness or
a material with a lower heat conductivity was used, the
temperature in the microfluidic PCR chip would decrease
dramatically. The effects of the applied electrical field
strength and flow velocity on the temperature distribution,
however, are negligible for microchannels with a small
cross-sectional area. With bigger channels, the flow direc-
tion will affect the temperature distribution in the channel
because heat convection will dominate heat transfer.

The polymerase chain reaction (PCR), which is a powerful
technique used to exponentially amplify specific target DNA
sequences by processing the sample repetitively through a thermal
cycle, has been widely used in chemical and biomedical diagnosis
and analysis.1-3 A single thermal cycle in PCR processes generally
includes three steps. In the first step, the sample is heated to ∼95
°C to let a double-stranded DNA molecule be denatured into two
single-stranded DNA molecules; in the second step, the sample
is cooled to ∼60 °C for annealing of the primers to the single-
stranded DNA template; and finally, that is, in the third step, the
temperature is raised a little to ∼75 °C for extension of the target
DNA in the presence of a polymerization enzyme and deoxy-
nucleotide triphosphates. By processing one single cycle, the

amount of target DNA molecule can be theoretically amplified by
2. After repeating multiple cycles, the amount will be amplified
exponentially. This technology allows a small amount of specific
DNA sequence to be amplified rapidly within several hours.4-5

There has been interest in developing microfluidic chips for
PCR applications,6-8 because the inherent larger surface-to-volume
ratio of microfluidic devices will lead to lower sample/reagent
consumption and higher heat transfer efficiency, and thus, a much
faster biochemical reaction speed. For example, Daniel at al.9

developed a miniaturized silicon reaction chamber using photo-
lithography and wet etching technologies for PCR applications.
The good features of this design include small reagent volumes
of ∼1 µL, low power operation, and fast processing time of ∼10
min for 30 cycles. In 1994, Nakano10 reported continuous flow PCR
experiments in which the reaction mixture was continuously
pumped through a thin Teflon capillary and was treated with three
successive thermal stages for denaturation, annealing, and exten-
sion. Although a capillary was used for that process instead of a
serpentine channel on a chip, this is the first introduction of the
continuous flow PCR concept. With the development of chip
technology, continuous flow PCR chips have been developed
lately. For example, Kopp presented such a microfluidic PCR chip
that shortened PCR processing time significantly to as low as 90
s for 20 cycles, during which the solution mixture was pumped
through three stable temperature regions repetitively.11 The major
advantage of the continuous flow PCR chip over chamber-based
microfluidic PCR chips is that the time spent on conquering the
thermal inertia of the apparatus can be largely saved. The total
processing time, therefore, can be reduced from the original 3 h
to ∼1.5 to 18.5 min for 20 cycles. Recently, Hashimoto et al.12

also reported a continuous flow PCR chip in which spiral
microchannels were used for different PCR processing steps and
the reduction of reaction time was achieved by increasing flow
velocity.
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However, the integration of PCR and other associated pro-
cesses into a microfluidic chip platform to achieve the micro total
analysis has been hindered due to the lack of systematic design
and operational control of PCR processes. To this end, recently,
different kinds of continuous flow PCR chips have been extensively
studied. Generally speaking, there are three kinds of continuous
flow PCR chips:13 unidirectional,10-11,14-17 closed-loop,18-22 and
oscillatory chips.23-24 Although closed-loop and oscillatory chips
have more flexibility to increase or decrease the number of
thermal cycles than unidirectional chips, they also increase the
complexity of fabrication. In most applications, the number of
thermal cycles is not required to change; therefore, if the number
of thermal cycles is optimally designed, a unidirectional chip is
an ideal design for on-chip PCR analysis.

There are two commonly used methods for driving liquids
through a microfluidic chip. One is pressure-driven flow, such as
that employed in the design used by Kopp et al.,11 and the other
one is electrokinetic flow. Each method has its pros and cons,
and electrokinetic flow is normally preferred in lab-on-a-chip
applications due to its flat and plug-like velocity profile reducing
sample dispersion and the degree of flowrate control it allows.25-26

Furthermore, if using electrokinetic flow, no moving element is
required in the system, and electric control makes the system
very easy to operate and integrate expediently. Electrokinetic flow
has not been widely used in PCR applications so far, due to the
need of the high voltage for pumping liquid. Therefore, consider-
ing the merits that electrokinetic flow can offer, this paper is aimed
at exploring the possibility of employing electrokinetic flow for a
unidirectional PCR chip design through investigation of the effects
of multiple controlling parameters, such as the layout of micro-
channels, channel geometry, applied electrical field strength, or
chip material on PCR processes.

To propose an optimized configuration for a continuous flow
PCR chip, it is essential to gain a thorough understanding of fluid
flow and heat transfer in such a microfluidic chip, where heat

transfer occurs in both the solid and liquid regions. Numerical
simulation has been proved to be an excellent alternative to
experimental studies for rapid prototyping of labs-on-a-chip,27 since
it allows extensive parametric studies within a short time period.
Therefore, this report will focus on numerical studies of fluid flow
and heat transfer in a microfluidic chip for PCR applications.

The numerical studies of heat transfer and fluid flow in
microfluidic chips28-34 are too numerous to be listed here. A few
studies about thermal simulation of a chamber-based PCR chip28-30

have been reported; however, there are few numerical studies
about continuous flow PCR chips. Recently, Zhang et al.31

presented both numerical and experimental studies about a
continuous flow PCR chip in which the commercial software
ANSYS was used to obtain the temperature field in the entire chip.
Their experimental results agree well with their numerical
predictions. In their simulation, they did not consider the influ-
ences of the channel dimension and the liquid convection on heat
transfer in the PCR chip. To systematically design and operation-
ally control on-chip PCR processes, it is essential to develop a
3-D numerical model to simulate the electrical potential field, flow
field, and thermal field prior to chip fabrication and characteriza-
tion. In the following sections, the physical model, mathematical
model, results, and discussions are provided in detail.

MATHEMATICAL MODEL
Computational Module. Figure 1 shows a sketch of the

microchannel layout in a continuous flow PCR chip proposed and
studied in this paper. The whole chip is divided into three regions,
with different temperatures along the x direction. A long, wander-
ing microchannel is proposed; however, for the convenience of
model development, a single repetitive element appearing in the
entire chip is chosen as the computational module. Considering
the periodical property, the whole channel can be segmented into
many U-shaped channels, as shown in Figure 1b. Both the
electrical potential field and the flow field simulation can be
performed first in an upper U-shaped computation module and
then mapped into the lower U-shaped modules, which allows the
electrical potential and flow fields for the entire channel to be
completed by connecting the upper and lower U-shaped modules
alternately. However, for the temperature field, the upper U-shape
module cannot be simply mapped into the lower module because
of the existence of natural convection. Instead, both the upper
module and the lower module should be considered as a single
computation module for the thermal field simulation, as shown
in Figure 1c, which has a dimension of L ) 6.4 cm and W ) 4.1
mm. The typical chip thickness is chosen as H ) 2 mm. These
dimensions will be used in most simulations in the following,
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unless stated otherwise. Although the layout of the channel does
not fully consider the processing time ratio among the three
phases, it is sufficient to reveal the mechanism of flow and heat
transfer in a microfluidic chip to a certain extent. In numerical
simulations, it is assumed that the chip consists of three layers:
the upper layer, the middle layer with microchannels, and the
lower layer. Both the middle and the lower layers constitute the
lower substrate mentioned before.

Electrical Potential Field. To drive a liquid through a
microchannel by an electroosmotic pump, a certain electrical
potential difference must be applied between the two ends of the
microchannel. Considering a uniform buffer concentration and
ignoring net charges in the bulk liquid, which is reasonable for
most PCR applications in which the electrical double layer
thickness is extremely small as compared to the channel dimen-
sion, one can write the nondimensional governing equation for
the electrical potential field in the U-shaped module as

where Φ ) ψ/V0 is the nondimensional electrical potential, and
V0 is the electrical potential difference applied between the two
ends of the U-shaped module. Considering the substrate is made
of insulation materials, the insulation boundary condition ∂Φ/∂n|wall

) 0 is applied to all the channel walls. The specific voltages are
applied to the two ends of the U-shaped module, such as Φ|inlet )
Φapplied.

Flow Field. Compared to the typical channel dimensions for
most PCR applications, the thickness of the electrical double layer
(EDL) is very small. For example, the concentration of commonly
used buffer solutions in PCR applications is on the order of
millimolar, which gives rise to a double layer thickness of <10
nm. Therefore, the EDL can be treated as a superthin layer near
the wall, where net charges only exist. Under this consideration,
electroosmotic flow in a microchannel can be simply treated as a
“boundary-driven” flow. In this simplified “boundary-driven” flow,
no electric body force item exists in the momentum equation, and
a slip boundary condition is applied, instead, which has been used
successfully before.35 Thus, the nondimensional governing equa-
tions can be written as

where UB is the nondimensional velocity (UB ) ub/U0, where U0 is
the mean inlet velocity), Re is the Reynolds number (Re ) U0l/ν
where l is the characteristic length taken to be the width of the
channel here and ν is the kinematic viscosity of the fluid), τ is
the nondimensional time (τ ) t/t0 where t0 ) l/U0 is the
characteristic time), and P is the nondimensional pressure (P )
p/(µU0/l), where µ is the dynamic viscosity of the fluid). In
general, t0 is very small (i.e., on the order of microseconds)

(35) Hu, Y. D.; Werner, C.; Li, D. Q. Anal. Chem. 2003, 75, 5747-5758.

Figure 1. Sketch of computational modules (not drawn to scale).

∇2Φ ) 0 (1)

Re[∂UB
∂τ

+ (UB‚∇B)UB] ) -∇BP + ∇2UB (2)
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because l is on the order of micrometers, and U0 is on the order
of millimeters per second. That is to say that the flow field should
attain equilibrium in several milliseconds. For simplicity, the
transient term in eq 2 can be ignored safely, and the final
governing equation is reduced to

and the continuity equation is

Considering the length of the channel is much longer than
the width, the zero-flux boundary condition is applied to the inlet
and outlet of the U-shaped module (∂UB/∂n|inlet ) 0,∂UB/∂n|outlet )
0). The slip boundary condition is used at the wall surface such
asUB|wall ) µeoEB/U0, where EB ) - ∇ψB is the applied electric field
intensity and µeo is the electroosmotic mobility of the fluid.

Thermal Field. Heat transfer occurs cross the entire chip,
including both the solid substrates and the liquid regions. During
the simulation, all the fluid and substrates are considered as one
material with variable thermal properties. Because PCR processes
often begin after the thermal field of the whole PCR chip already
attains equilibrium, the characteristic length is still the width of
the microchannel. Thus, the nondimensional governing equation
can be given as follows

where Fj is the nondimensional density (Fj ) F/F0, where F0 is the
density of the solution), Cp is the nondimensional heat capacity
(Cp ) c/c0, where c0 is the heat capacity of the solution), Λ is the
nondimensional heat conductivity (Λ ) λ/λ0, where λ0 is the heat
conductivity of the solution), Θ is the nondimensional temperature
(Θ ) (T - Tlow)/(Thigh - Tlow) where Thigh ) 95 °C is taken to be
the temperature of denaturation, and Tlow ) 65 °C, the temperature
of annealing), Q̇ is the nondimensional heat resource (Q̇ ) q̆l2/
λ0(Thigh - Tlow)), Pe is the Peclet number (Pe ) U0l/R0 where R0

is the thermal diffusivity of the solution), and τ is the nondimen-
sional time (τ ) t/t1, where t1 ) l2/R0 is the characteristic time of
heat transfer in microchannels). What should be pointed out here
is that the velocity of nonliquid materials should be considered
as zero during the simulation. In general, the characteristic time
t1 is very small (i.e., 0.015 s) when considering that the charac-
teristic length l is 50 µm and R0 ) 16.9 × 10-8 m2/s. That is to
say that the thermal field will attain equilibrium within 0.02 s, so
it is safe to ignore the transient item in eq 5 again.

Constant temperature distribution is used as the boundary
condition at the bottom surface of the chip to simulate the three
temperature zones (95, 75, and 65 °C), as discussed above. Figure
1c shows the bottom temperature distribution. Natural convection

is considered as the boundary condition of the top surface,

where, p∞ is the heat transfer coefficient of natural convection,
Θ∞ is the nondimensional room temperature (Θ∞ ) (T∞ - Tlow)/
(Thigh - Tlow), where T∞ ) 25 °C is chosen here), and Θwall is the
nondimensional temperature at the top surface. p∞ is given by

where, λair is the air heat conductivity, L is the chip length, and
Nu is the Nussel number of natural convection that is chosen
from36

where Gr is the Grashof number (Gr ) gâ∆TL3/υair
2 where g is

the gravitational acceleration; â is the thermal expansion coef-
ficient, which for gases is 1/T; ∆T is the temperature difference
between the wall and ambient air; υair is the kinematic viscosity
of air); and Pr is the Prandtl number of air.

Because all the modules should be connected in the end to
show the thermal field of the entire chip, periodic boundary
conditions are used at the two side sectional faces (y ) 0 and y )
W). Compared with the chip length, chip thickness is very small,
(for example, H/L ) 2 mm/6 cm ) 3.3%); therefore, the natural
convection at such a small surface can be neglected compared to
the natural convection at the top surface. Under this consideration,
an adiabatic boundary condition is adopted in the simulation at x
) 0 and x ) L.

RESULTS AND DISCUSSIONS
The 3D model was solved using a specially developed program

written in the C++-based finite control volume method. In the
following parametric studies, without losing generality, most
physical and thermal properties of the liquid were chosen from
that of pure water, considering the concentration of most com-
monly used buffer solutions in PCR applications is on the order
of millimolar. Two kinds of ordinary solid materials, glass and
PDMS, were considered for PCR chip materials. The detailed
running parameters used here are listed in Table 1.37

Analytical Validation of Computational Model. To validate
the developed numerical model, a comparison between the
analytical and numerical solutions of the temperature field was
performed along the chip thickness direction at the center of the
high-temperature zone of 95 °C. The justification of the comparison
is provided below. When the channel is very thin (50 µm × 50
µm in cross-sectional area), the impact of the channel dimension
on the temperature field of the entire chip is negligible because
the total heat capacity of the channel is <0.01% that of the entire
chip. Generally, the chip thickness, H, is very small, as compared

(36) Yousef, W. W.; Tarasuk, J. D.; McKenn, W. J. J. Heat Transfer 1982, 104,
493-500.

(37) Ren, L. Q.; Sinton, D.; Li, D. Q. J. Micromech. Microengin. 2003, 13, 739-
747.

Re(UB‚∇B)UB ) -∇BP + ∇2UB (3)

∇B‚UB ) 0 (4)

FjCp[∂Θ
∂τ

+ PeUB‚∇BΘ] ) ∇B(Λ‚∇BΘ) + Q̇ (5)

FjCpPeUB∇BΘ ) (Λ∇BΘ) + Q̇ (6)

λ0

l
Λ∂Θ

∂Z |top
) p∞(Θwall - Θ∞) (7)

p∞ ) Nu
λair

L
(8)

Nu ) 0.62(GrPr)0.25 (9)
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with the chip length; therefore, the heat transfer along the x- or
y-direction (the length or width direction) should be relatively
weak, as compared with the z-direction (the thickness direction).
This means that the temperature distribution along the z-direction
at the center of the temperature zones should be very similar to
that obtained using the heat transfer model of infinite multilayer
planes.

Assume that there are two infinite planes in an environment
of air. The bottom temperature of the lower layer is constant at
T0. With the theory of heat resistance, the temperature distribution
along the z-direction can be obtained easily,

where Tf is the ambient temperature, δ1 and λ1 are the thickness
of the lower layer and its heat conductivity, δ2 and λ2 are the
thickness of the upper layer and its heat conductivity, and R is
the heat transfer coefficient of natural convection.

As shown in Figure 2, the numerical solution of the temper-
ature along the z-direction at the center of the channel agrees
perfectly with the analytical solution. This validates the developed
numerical model, which was used to perform the parametric
studies reported below.

Temperature Field. To reveal the thermal behavior of the
entire chip, which has significant effects on the PCR chip
performance, parametric studies of heat transfer in the entire chip
were performed.

Effects of Chip Material. Because different materials have quite
different thermal properties, which will affect temperature ramping
between different temperature zones, chip material is surely the
most important factor to be considered in PCR chip design. Two
kinds of commonly used materials, glass and PDMS, are consid-
ered here. Figures3 and 4 show the influence of the chip material
on the temperature distribution. Figure 3 shows the temperature
distributions at the middle horizontal plane (containing the liquid
region) of a PDMS chip and at the two vertical planes standing
right on the two arms of the U-shaped module. Two subfigures
shown at the left and right bottom corners clearly indicate the
three temperature zones achieved in the left and right arms,
respectively. Please note that for PCR applications, a longer
channel length should be designed for the extension region (i.e.,
temperature is 75 °C), allowing sufficient time for extension.
However, the purpose of this study is to develop a 3-D numerical
model allowing us to perform parametric studies of heat transfer

and fluid flow in an electrokinetic flow-based continuous flow PCR
chip. Therefore, this feature is not considered for most cases.
However, on the basis of the investigations performed here, this
feature was eventually considered in a potential design proposed
by the developed model, which will be discussed at the end of
this paper.

Figure 4 shows the temperature field distribution at the middle
horizontal plane of a hybrid glass/PDMS chip. One can see that
because the heat conductivity of glass (i.e. 1.1 W/mK) is much
higher than that of PDMS (i.e. 0.15 W/mK), and thus, heat
transfer occurs more efficiently cross the lower glass substrate,
which reduces the temperature variation along the z-direction. For
this specific application, the largest temperature drop from the
bottom plate, where a constant temperature field for three regions
is assumed, to the middle plane of the chip is only 1.85 °C. This
can be further observed from the temperature distribution of the
left and right arms shown in the subfigures. The chip made
completely of glass has also been studied, and it was found that
the largest temperature drop is only 1.76 °C from the bottom
surface to the middle horizontal plane, where the microchannel

Figure 2. (a) Sketch of the analytical model for multilayer heat
transfer and (b) comparison between numerical and analytical results
of the temperature at point P.

Table 1. Typical Running Parameters

λ (W/m K) F (kg/m3) c (J/kg °C) υ (m2/s)

water 0.684 1.05 × 103 4180 g 9.8 m/s2

glass 1.1 2.2 × 103 700 Pr 0.698
PDMS 0.15 0.97 × 103 1460 µε0

42 4.5 × 10-8 m2/V s
air 2.83 × 10-2 1.795 × 10-5

T )

{T0 -
(T0 - Tf)

δ1/λ1 + δ2/λ2 + 1/R
‚ z
λ1

0 < z eδ1

T0 -
(T0 - Tf)

δ1/λ1 + δ2/λ2 + 1/R(δ1

λ1
+

z - δ1

λ2
) δ1 < z eδ1 + δ2

(10)
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exists (figure is not shown). Comparing these three designs, a
glass chip is an ideal choice in terms of temperature control;
however, a hybrid PDMS/glass chip is also an acceptable design
for PCR applications.

Effects of Chip Thickness. Because the main heat transfer
direction in the proposed design is from bottom to top, another
key parameter that might greatly affect the temperature field is
chip thickness. Figure 5 shows the temperature field in a hybrid
PDMS/glass chip with a thickness of 4 mm, which is double the
thickness considered in Figure 4. It can be seen that the thicker
the chip, the lower the fluid temperature. This is because the
temperature drops more from the bottom to the middle horizontal
plane when substrates become thicker. For example, the temper-
ature drops about 2.8 °C in Figure 5 and only 1.76 °C in Figure 4
cross the same thickness, which results in a lower liquid
temperature in Figure 5 (1 °C lower than that in Figure 4) due to
its larger material thickness.

Effects of Channel Cross-Sectional Area. To see the influence
brought by channel cross-sectional area, two channel sizes, 50
µm × 50 µm and 500 µm × 500 µm, were studied. Figure 6 shows
the temperature field for different channel sizes with the same
chip materials (PDMS, upper layer, and glass, lower layer). The

subfigures show the temperature variation of the fluid across the
channel width at the interface between the high/medium tem-
perature regions. The total temperature change cross the channel
width is small for both scenarios; however, it is worth noticing
that the temperature variation trends of the two arms are quite
different between the two situations, which are due to different
primary heat transfer mechanisms and can be understood as
follows.

Figure 3. Temperature field of a PDMS chip with a height of 2.0
mm.

Figure 4. Temperature field of a hybrid PDMS/glass chip with a
height of 2.0 mm.

Figure 5. Temperature field of a hybrid PDMS/glass chip with a
height of 4.0 mm.

Figure 6. Temperature field of a hybrid PDMS/glass chip with
different channel sizes, (a) 50 µm × 50 µm and (b) 500 µm × 500
µm.
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There are two major heat transfer mechanisms in the chan-
nel: heat conduction and heat convection. Heat conduction is
determined by the heat conductivity of the medium, and heat
convection is determined by the heat capacity and momentum
transfer of the fluid. If channel size is very small, say 50 µm × 50
µm, as shown in Figure 6a, the momentum heat transfer of the
fluid is negligible because of its low heat capacity as compared
with that of the entire chip (<0.003% of the entire chip). Therefore,
heat conduction dominates heat transfer in the microchannel. As
shown in Figure 6a, the velocity of the fluid has little impact on
the temperature field. That is the reason the temperature trends
of the left and right arms showed in the subfigures of Figure 6a
are still the same, although the flow direction is different. This
has also been assumed by Zhang et al.31 in their chip design using
numerical analysis tools, and their design was validated by their
experimental results. The temperature at the center of the channel
width is higher than that at both side walls because the heat
conductivity of the fluid is smaller than that of the glass.

As one can see, the temperature distribution for the bigger
channel size is quite different, as shown in Figure 6b. Because
the channel size is much larger, on the contrary, heat convection
dominates heat transfer in the microchannel. Because of the
opposite flow directions in the left and right arms, the temperature
trends showed in the subfigures of Figure 6b are also opposite.
In the left arm, the fluid flows from the low-temperature region
to the high-temperature region, and the center of the channel is
then cooled by the cooler fluid coming from the low-temperature
region. Therefore, the temperature in the middle is lower than
both sides in the left arm, and vice versa. Because heat conduction
still exists and it tends to increase the temperature at the center
of the channel, the temperature difference between the center
and the side walls is much smaller in the left arm (∼0.035 °C)
than in the right arm (∼0.06 °C).

Effects of Applied Electrical Field Strength. Influence of the
applied electrical field strength was also studied. Compared with
those of the material, thickness, and channel size, the influence
of the applied electrical field is relatively small. A simulation with
an applied voltage of 200 V shows a maximum temperature
difference of only 0.21 °C with a small-channel chip of 50 µm ×
50 µm and 3.2 °C for a large-channel chip of 500 µm × 500 µm
(figure is not shown).

Application of the Developed Model to a Real PCR Chip Design.
As discussed above, when the microchannel cross-sectional area
is small, liquid convection, which depends on the applied electrical
field strength and liquid properties, has little effect on the
temperature distribution. Therefore, when designing a microfluidic
PCR chip with a small cross-sectional area (i.e., 50 µm × 50 µm),
the temperature field can be obtained by neglecting the existence
of the liquid region, which simplifies the numerical analysis
significantly and allows a proper design to be proposed quickly.
This has been successfully applied to the studies by Zhang et al.31

Figure 7a proposes a design for a PCR chip using the developed
model without considering the liquid region. This design consid-
ered a channel length ratio of 1:1:4 for three PCR processing steps
(denaturation/annealing/extension). The chip is assumed to be
made of glass for the lower layer and PDMS for the upper layer.
Figure 7b shows the temperature distribution along the channel

length obtained using the developed model. The temperature field
is similar to that shown in Figure 4 except that the temperature
variation along the channel length is sharper, which is ideal for
PCR processes. It should be pointed out that when the channel
size is bigger, neglecting the liquid region will bring more errors.

CONCLUDING REMARKS
A 3-D theoretical model was specially developed to simulate

the electrical potential field, flow field and thermal field of an
electrokinetic flow-based continuous flow PCR chip. It is found
that chip material and chip thickness affect the thermal field
greatly, regardless of the channel cross-sectional size. Because
the main direction of heat transfer is from bottom to top, the
material of the lower substrate is especially important for the PCR
chip. When comparing PDMS and glass, the latter is recom-
mended for the lower substrate because of its relatively high heat
conductivity and low heat loss. A thinner chip thickness will also
make the control of the PCR chip much easier because a much
smaller temperature difference occurs between the liquid region
and the bottom. When the channel cross-sectional area is small,
say 50 µm × 50 µm, liquid convection has little effect on the
temperature distribution because heat conduction is the primary
heat transfer mechanism. Therefore, it is reasonable to design a
PCR chip without considering the influences of liquid convection
if the channel dimension is small. However, this approximation
is not suggested for bigger channels.

From the analysis given above, it is also known that electro-
kinetic flow has merits as well as drawbacks. If using electrokinetic
flow, no moving element is required in the system, and electric
control makes the system very easy to operate and to integrate

Figure 7. Proposed PCR chip. (a) Sketch of the microchannel
design and (b) temperature distribution along the channel.
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expediently. However, unlike pressure-driven flow, if using elec-
trokinetic flow, sample purity is another problem people should
pay special attention to, because adsorption of proteins and other
impurities will perturb the ú potential and modify electroosmotic
flow. Further calculation also indicates that the velocity of
electrokinetic flow is relatively slow, ascompared with that of
pressure-driven flow. This makes the processing time longer,
although the processing time can be shortened by increasing the
applied voltage or decreasing the channel length.
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