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Microfluidic flow systems with precise thermal control are required in many
important practical applications, such as in heat sink cooling of electronics,
droplet freezing systems to determine environmental pollution levels and in
efficient chemical processing [1, 2, 3]. This study focuses on the thermal
microfluidic flows arising in Polymerase Chain Reaction (PCR) thermal
cycling systems used for rapid diagnostic screening and testing [4]. PCR
systems have been widely studied and numerous design features have been
proposed to regulate the temperature distribution to provide the required
thermal environment for effective amplification of DNA needed to complete
the process [3]. Microfluidics are very useful for such systems since they can
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reduce the reagent consumption and the thermal mass, which enables the
temperature to be manipulated rapidly within the various temperature zones
needed for the denaturation, annealing, and extension components of the PCR
process. Computational Fluid Dynamics is used to explore the effect of
microfluidic geometry and operating conditions on the thermal and hydraulic
conditions within each of the three temperature zones. The COMSOL
Multiphysics® 5.4 coupled with MATLAB codes are used to solve a novel
series of optimization problems that enable the most effective thermal
conditions for the process of DNA amplification to be identified. The study
focuses on a prototype serpentine microfluidic geometry that enables multiple
cycles of denaturation, annealing, and extension to be carried out within a
single microfluidic chip. Using accurate meta-modelling and stochastic
optimization methods, the first time single optimization study is determined
that enabled a series of Pareto fronts to determine compromises that can be
struck between the competing multiple objectives in PCR systems.

1. Introduction

The polymerase chain reaction (PCR) is a significant technique used to make
thousands to millions of copies of particular DNA, and involves a process of
heating and cooling called thermal cycling which can be conducted by a PCR
device. The PCR process requires exposing the sample to different temperature
zones which are denaturation (95 °C), annealing (54 °C), and extension (72 °C)
[5]. These three temperature levels are essential in the PCR reaction, and this
process is considered to have failed in the absence of one of these cycles. The
conventional PCR that is commercially available consists of 96 wells containing
the reagent mixture and DNA sample [6]. The thermal cycle of this type of PCR
is controlled by liquid or air circulation to heat up and cool down the overall
chamber in order to achieve the PCR steps, so this results in large thermal mass
and is time-consuming (about 1-2 h) and requires high power consumption [6,
7]. Recently, with advances in the field of miniaturization and
microelectromechanical systems (MEMS) technology, which has been used to
fabricate microfluidic devices [8], the trend has changed from macro-PCR to
microfluidic-based PCR, which offers several advantages including smaller
sample volumes, total reaction times, and power and material consumption [6,
8]. Micro-PCR based on a stationary reaction chamber made of silicon was first
developed in 1993 by Northrup [9], in which a fast and efficient PCR compared
to conventional PCR was obtained. The design of micro-PCR was improved to
perform continuous flow polymerase chain reaction (CFPCR) [10], which
dramatically shortened PCR process times [11]. The CFPCR process is achieved
by cycling the PCR mixture through three PCR zones to achieve the desired
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temperature instead of heating and cooling all the entire chip. Therefore, the
heating and energy consumption are reduced and the thermal cycles could be
achieved faster than in a stationary PCR-based chamber [12]. A CFPCR channel
was first presented by Kopp et al. [12] in 1998 who designed serpentine cyclic
identical channels etched on a glass chip and equipped with an independent
copper block to support temperature uniformity. In addition, a temperature
gradient technique was employed to simplify the process of creating the desired
temperature zones. Crews et al. [13] presented channels with thirty and forty
serpentine PCR cycles, made of glass and heated and cooled by two thermal
aluminum strips placed underneath. A comparison between DNA amplification
results with commercial macroscale devices was achieved and the amplification
time of control samples was 10 min for the 30-cycle PCR and 13 min for the 40-
cycle PCR. Moschou et al. [14] presented thirty serpentine cycle channels made
of polyimide with relative time ratios of 1:1:2 for denaturation, annealing, and
extension, respectively, and three integrated resistive copper heaters as heating
elements. They achieved efficient DNA amplification within 5 min. Schneegal3
et al. [15] fabricated a 25 cycle PCR device made of silicon and glass. The
device consisted of reaction chambers etched into a glass chip and covered by a
silicon chip and equipped with heaters. They obtained residence times of a
sample volume for the 25 cycle device of approximately 25 min, and the energy
consumption was 0.012 kWh for a 35 min of the PCR process. Hashimoto et al.
[16] presented a 20-cycle microchannel in a spiral shape made of polycarbonate
to study and evaluate the effect of high velocity on thermal and biochemical
characteristics in CFPCR. Zhang et al. [17] used ANSYS Fluent to optimize the
effect of different material on CFPCR chip design, but the flow effect was
neglected. Chen et al. [18] presented an analytical study to investigate the
influence of geometrical chip parameters and various chip materials on
temperature uniformity with no flow condition.

Previous studies have focused on comparatively small fluidic PCR channels in
order to achieve the desired temperature by decreasing the effect of convection,
albeit with larger pressure drop. A number of questions regarding the
relationships among residence time, heating power, and pressure drop and
temperature uniformity still need to be addressed. Since there is a wide design
space in terms of geometrical, flow, and thermal parameters, and important
constraints on the process, research in microfluidic PCR systems could greatly
benefit from the multi-objective optimization studies. With this motivation, this
paper aims to use CFD-based optimization to investigate the effect of
microfluidic geometry and operating conditions on the effectiveness of PCR
design within each of the three temperature zones.
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2. PCR Design

The CFPCR chip under consideration has been designed based on a single
microfluidic channel etched on glass for its low thermal conductivity, bounded
by a PMMA cover for its low cost and good optical access and three copper
blocks with cartridge heaters placed underneath the glass chip. The microfluidic
channel passes through isothermal temperature regions as shown in Fig. 1. Water
has been chosen as the working fluid, the inlet temperature is 20 °C, and the
Reynolds number is fixed at 0.7 and the outside wall is assumed to be insulated.
Moreover, the bottom of the copper heaters was set at 95 °C, 72 °C, and 56 °C,
respectively, and the distance between heaters S is kept constant 1.5 mm, the
length of heater (L, ) at each zone is 9 mm, and the height of the heater

Hy, (100 pm). The schematic diagram of the channel geometry is described in
Fig. 2 where W, (um), H, (um), Wy, (um), Hy, (um), L (mm) are, respectively,
the microchannel width, height, the wall thickness W, um, the bottom height,
and the length.

Fig. 1
PCR process and design

Denaturation
95 °C
Extension

7o

Annealing
56 °C

AA represents a section of
prototype microchannel

Fig. 2

Schematic diagram of microfluidic channel
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3. Modeling

Steady state, three-dimensional single-phase water flow and heat transfer in the
microchannel PCR is modelled using the governing Eqgs. (1)—(4), comprising the
continuity and Navier-Stokes equations together with the energy equations for
the liquid and solid:

V - (pu) = 0 (continuity equation) 1

ps(0-Vu) = —Vp + uVia 2

(momentum equation)

piCp (0 - VT) = ks V2T 3
(Heat transfer (energy) equation for the liquid)

k V2T, =0 4
(Heat transfer (energy) equation for the solid)

where u and p are the fluid velocity vector [m/s] and the fluid pressure (Pa),
respectively, and Cly, pr, k¢, and kg represent the specific heat, density, and
thermal conductivity of the fluid and thermal conductivity of the solid,
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respectively. COMSOL Multiphysics® version 5.4 is used to solve this conjugate
heat transfer model by assuming the fluid flow to be incompressible, Newtonian,
and laminar. Radiative heat transfer is neglected, and there are no internal heat
sources.

4. Numerical Validation

The numerical model has been validated by comparison with the numerical
results of Toh et al. [19] and experimental results of Tuckerman [20]. For the
purpose of this comparison, the constant-temperature boundary condition and
Reynolds number were replaced with a heat flux ¢ (W / cm2) and a volumetric
flow rate V (cm®/s) and it showed a good agreement with available numerical

and experimental results as listed in Table 1.

Table 1

Thermal resistances validation of the present work against Tuckerman [20] experimental
work, and numerical data of Toh et al. [19]

1%
Rth (Cm2 K/W)
q
5 (cm3
Case (W/cm /s
) Tuckerman Toh et al. Present numerical Error
[20] [19] results (%)
1 181 4.7 0.110 0.157 0.149 0.35
2 277 6.5 0.133 0.128 0.115 0.13
3 790 8.6 0.090 0.105 0.0958 0.06

5. Optimization

The optimization of PCR to minimize the temperature deviation (T}, ) and
pressure drop Ap has been conducted to explore the influence of two design
variables W, and H,,. The optimization problem is defined as:

Objective function
min (STD) and min (AP)
Subject to: 150 pm < W, < 500 pm ; 50 pm
< H. < 150 pm
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After choosing the range of the design variables, eighty design of experiments
(DOE) points were generated and distributed within design space using D-
Optimal design technique. Then, these DOE points were used to provide input
parameters for the CFD model implemented in COMSOL Multiphysics® 5.4
which used to determine the corresponding AP and, T}, values. MATLAB code
was used to create metamodels surfaces based on these CFD results and to build
surrogate models using a cubic Radial Basis Functions (RBF) throughout the
design space. In the present study, PCR is designed according to the conflicting
requirements of minimising temperature deviation T}, and pressure drop AP.
The Ty, With respect to target temperatures at each PCR zones was determined
according to the volumetric integral:

Taev = ( / / / (Tyijr — Ttarget)zdv) / / / / dv ;

The second objective is the Ap which is calculated based on COMSOL results
as:

AP = Py, — Pou 6

where P, and P, represent the pressure at channel inlet and outlet,

respectively.

6. Results

The metamodels of AP and T, are depicted in Fig. 3. These show that each
objective has a simple dependency on design variables in that that optima lie on
design space boundaries. These dependencies are shown more clearly in Fig. 4.
It can be noted from Figs. 3 and 4 that it is not possible to move along the design
points on the meta-surface to minimize any of the objective functions without
increasing at the other objective function.

Fig. 3
Response surfaces of Ap (pa) and Ty, (K) in terms of W, and H, for the PCR
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Fig. 4

Global optimization design trend obtained from metamodels
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6.1. Single Objective Optimization

The surrogate models are investigated for each objective individually in order to
optimize each objective and explorer the competence between them. Figure 3a—b
shows the surrogate model surface between AP and T}, against W, and H.,.
Figure 3a shows that minimizing AP demand biggest channel size (W, and H,)
whereas Fig. 3b illustrates that minimizing the T}, requires smallest channel
size (W, and H.). The optimum solution values at each objective are depicted in
Table 2 which revels the conflict between the objectives and it is interesting to
find the trade-of between the objective functions through a multi-objective
analysis.

Table 2

Global optimization

Corresponding values

Parameter Optimum value Ap T, W
(pa ev c Hc (mm)
(K)  (mm)
Taey 13.27 708 0.15  0.05
Ap
23.3 - 17.9 0.5 0.15
(pa)

7. Conclusion

In this paper, a three-dimensional CFD mathematical model has been solved
using COMSOL Multiphysics® 5.4 and coupled with MATLAB optimization
code to achieve optimization of PCR systems. Also this work enabled the multi-
objective optimization which can be used to improve the thermal performance of
CFPCR in terms of temperature deviation, pressure drop, and heating power in
microfluidic channels. It can be noted from Fig. 2a—b that when W, increases,
the pressure drop decreases, and when H, increases, the pressure drop
decreases. Also, the temperature deviation T}, increases with an increase of W,
and H. which means that the temperature uniformity decreases. A novel first
study focuses on a prototype serpentine microfluidic geometry and a
optimization study is determined using accurate meta-modelling and stochastic
optimization methods that enabled a series of Pareto fronts to determine
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compromises that can be struck between the competing multiple objectives in
PCR systems.
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