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Introduction

Molecular diagnostic methods have long served as 
foundational tools in clinical and industrial analysis. Among these, 
the polymerase chain reaction (PCR) stands out as a particularly 
sensitive and specific technique capable of amplifying minute 
quantities of target DNA from complex biological matrices. 
First conceptualized by Kary Mullis in 1983, PCR operates by 
cycling through three thermal phases-denaturation, annealing, 
and extension-that collectively produce exponential copies 
of a defined nucleic acid sequence [1,2]. Its ability to detect  

 
extremely low template concentrations confers a sensitivity that 
substantially exceeds conventional immunoassay approaches 
such as ELISA [3,4]. The molecular basis of PCR lies in the selective 
enzymatic amplification of specific nucleic acid sequences. The 
process exploits the thermal stability of Taq DNA polymerase to 
replicate a defined region of the target genome across repeated 
denaturation, annealing, and extension cycles. PCR is designed 
to amplify pathogen-specific DNA segments that are conserved 
across target organisms, allowing for both detection and species 
differentiation through carefully engineered oligonucleotide 
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primers. The amplified products can subsequently be analyzed 
via gel electrophoresis or through real-time fluorescence-based 
quantification, enabling sensitive and specific identification of 
nucleic acids even at very low concentrations [5,6] (Figure 1).

Despite its analytical power, conventional PCR instruments 
rely on air-based thermal management systems-typically small 
fans and heat sinks-to regulate sample temperatures between 
cycle steps. While functional, these systems impose practical 
limitations: the comparatively low thermal conductivity of 
air (approximately 0.0242 W/m·K) restricts the maximum 
heat removal rate, resulting in cooling steps that can require 
20 seconds or more per cycle [7,8]. Over a standard 35-cycle 
amplification run, this inefficiency accumulates into several 
minutes of excess processing time. Moreover, the adoption of 
PCR in field settings remains constrained by its dependence on 
sophisticated benchtop instrumentation, trained personnel, 
reliable cold chains for reagent storage, and uninterrupted power 
supply [9,10]. Microfluidic technology offers a compelling avenue 
to address these limitations by miniaturizing and integrating 
multiple analytical functions-including sample preparation, 
nucleic acid amplification, and detection-onto a compact chip 
platform [11,12]. Such devices are capable of reducing reagent 
consumption, shortening processing times, and enabling 
operation by non-specialist users in decentralized settings. The 
primary objective of microfluidic PCR chip design is to emulate 
the performance of conventional PCR assays while significantly 
reducing device footprint and operational complexity [13,14].

Liquid cooling offers a complementary enhancement. Water 
and other coolants conduct heat far more effectively than air, 
and when channeled through microfabricated passages-so-
called microchannel heat sinks-they can exploit exceptionally 
high surface-area-to-volume ratios to extract heat rapidly from 
compact substrates [15,16]. Previous investigations have explored 
numerous parameters that govern microchannel thermal 
performance, including channel patterning, inlet/outlet manifold 
design, cross-sectional geometry, and the use of enhanced working 
fluids such as nanofluids or phase-change materials [17,18]. A 
third strategy for PCR miniaturization is natural convection-
based amplification, in which temperature-induced density 
differences drive fluid circulation without requiring an external 
pump. In this approach, a PCR mixture cycles between hot and 
cold regions within a closed microreactor via buoyancy-driven 
flow, eliminating the need for active flow control systems [19,20].

The present work integrates three complementary 
computational investigations: (1) the design and simulation 
of a miniaturized microfluidic PCR chip using ANSYS CFD, 
with systematic evaluation of channel geometry and material 
selection; (2) a numerical comparison of fifteen microchannel 
cross-sectional geometries for PCR liquid cooling using a 
performance evaluation criteria (PEC) index that balances 
heat transfer enhancement against pressure-drop penalties; 

and (3) a buoyancy-driven natural convection PCR model using 
COMSOL Multiphysics that tracks spatio-temporal variation of 
DNA component concentrations. Together, these studies provide 
a unified computational framework for PCR platform design 
and thermal management. This work builds upon an expanding 
body of literature on microfluidic diagnostic platforms. Prior 
studies have explored microfluidics-based detection of foodborne 
pathogens [21], molecular diagnostics for infectious diseases [22], 
ferro-microfluidic cell separation systems [23,24], and organ-on-
chip modeling [25]. The present work extends this foundation by 
addressing chip geometry, material selection, cooling optimization, 
and reaction kinetics within a single integrated framework.

A review of the recent studies reveals distinct yet interconnected 
research themes, primarily focusing on microfluidic device design 
[26-35], fabrication [36-40], and application (particularly for PCR 
and biosensing) [41-50], heat transfer optimization in micro-scale 
systems [51-55], and molecular detection techniques [56-60]. 
In the domain of micro-scale heat transfer and fluid dynamics, 
computational and experimental studies extensively investigate 
the optimization of microchannel and micro pin fin geometries for 
enhanced thermal performance. Research consistently shows that 
geometrical parameters-such as cross-sectional shape, aspect 
ratio, and configuration-profoundly influence thermohydraulic 
characteristics [28, 29, 30, 31, 41]. Optimization frameworks, 
including constructal theory, are applied to determine optimal 
geometries for microchannel arrays [42]. Advanced designs, 
such as microchannels with oblique grooved fins, are proposed 
to further improve performance by inducing secondary flows 
[43]. The internal physical properties, like viscosity, also affect 
molecular dynamics in these flows, as studied in the context of 
DNA [27]. Numerical simulations using tools like ANSYS are 
fundamental to this field, applied not only to heat exchangers [34] 
but also to structural analyses like gear optimization [33].

For molecular detection, particularly PCR, the literature 
covers both foundational techniques and advanced microfluidic 
integration. Early work established sensitive pathogen DNA 
detection via real-time quantitative PCR [26]. The performance 
of conventional PCR can be influenced by factors such as 
amplicon size [59] and thermal cycler efficiency, which requires 
monitoring [60]. Recent advancements focus on integrating PCR 
into microfluidic platforms to create compact, efficient diagnostic 
systems. This includes convection–reaction-diffusion models for 
PCR in natural convection systems [32], electromagnetically-
driven platforms for virus detection (e.g., SARS-CoV-2 via RT-
LAMP) [44], and highly efficient photonic PCR using plasmonic 
heating from nanomaterials [48,49]. Digital and droplet-based 
quantification methods offer high precision, as seen in droplet 
digital PCR chips with passive bubble removal [35] and pump-
free duplex droplet digital LAMP chips [50]. Microfluidic chip 
fabrication and material science are critical for enabling these 
applications. Common substrate materials include polymers like 
polypropylene [36] and polycarbonate (PC). PC’s susceptibility to 
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hydrolysis is a known consideration [37], but it can be modified 
for chip bonding and hydrophobicity [38]. 

Polydimethylsiloxane (PDMS) is another ubiquitous material, 
often bonded via oxygen plasma treatment, with studies 
investigating its wettability and bonding mechanism [40] or 
its machining with CO2 lasers [39]. Comparative assessments 
evaluate materials like silicon, glass, FR4, PDMS, and PMMA for 
specific functions such as acoustic manipulation [57]. Fabrication 
strategies aim for low-cost MEMS technologies [56], and chips 
are functionalized for specific uses, such as creating hydrophobic 
surfaces for liquid phase microextraction [51] or fabricating 
composite chips (e.g., hydroxyapatite-PDMS) for cell culture and 
drug screening [58]. Finally, integrated microfluidic biosensors 
represent a major application frontier. These devices often 
combine sample preparation (e.g., filtration and immunomagnetic 
separation [45]) with detection for foodborne pathogens [45,52]. 
Detection leverages various strategies, including virulence gene-
based PCR for E. coli [46], CRISPR/Cas12a-assisted PCR for Vibrio 
parahaemolyticus [47], and dual-aptamer assays for Bacillus 
cereus [52]. For clinical diagnostics, sophisticated chips enable 
pump-free SERS amplification for lung cancer ctDNA detection 
[53], virus isolation via cell screening [54], and integrated analysis 
of exosomal RNA for lung cancer diagnosis [55]. These references 
collectively illustrate the evolution from fundamental studies to 
highly integrated, application-specific microfluidic systems.

The novelty of this work lies in its integrated, multi-faceted 
computational approach that simultaneously addresses three 
critical and often separately studied aspects of microfluidic PCR 
design within a single, cohesive framework. While previous 
studies have typically focused on isolated components-such as 
chip geometry, cooling optimization, or reaction modeling-this 
research uniquely combines:

a)	 Chip-Level Design with Material Screening: A 
systematic simulation-based comparison of looped vs. straight 
channel geometries, paired with an evaluation of polymeric 
materials (PP, PC, PDMS) for thermal performance, leading to the 
specific recommendation of polypropylene for optimal thermal 
fidelity.

b)	 Microchannel Cooling Optimization Across Multiple 
Geometries: A comprehensive numerical comparison of fifteen 
distinct microchannel cross-sections under consistent operating 
conditions, identifying the circular geometry as optimal through 
a performance evaluation criteria (PEC) index that balances heat 
transfer enhancement against pressure-drop penalties-a direct 
and practical design guideline not commonly consolidated in PCR-
focused studies.

c)	 Buoyancy-Driven Reaction Modeling Integrated 
with Design: The development and validation of a convection-
reaction-diffusion model for natural convection PCR, explicitly 
linking temperature-induced flow to DNA amplification kinetics 
and quantifying a doubling time (~60 seconds) consistent with 

experimental benchmarks-thereby bridging fluid dynamics with 
biochemical process validation.

By unifying chip design, active cooling optimization, and 
passive convection-driven amplification into one study, this 
work provides a holistic design toolkit that enables performance 
trade-off analysis and co-optimization-a step forward toward 
the development of compact, efficient, and field-deployable PCR 
systems.

The overarching goal of this work is to establish a cohesive 
computational framework for the rational design and 
optimization of microfluidic PCR platforms. To achieve this, the 
study is structured into three interconnected parts. First, the 
design and thermal-fluidic performance of a miniaturized PCR 
chip are analyzed, with a focus on channel geometry and material 
selection. Second, a systematic optimization of microchannel 
cross-sectional shapes is conducted to enhance liquid cooling 
efficiency. Third, a buoyancy-driven natural convection model is 
developed to validate PCR amplification kinetics without external 
pumping. Together, these sections provide a comprehensive 
approach-from chip architecture and thermal management to 
reaction modeling-culminating in a set of design guidelines and 
performance benchmarks for next-generation microfluidic PCR 
systems.

Microfluidic PCR Chip Design and Simulation

This section presents a framework for the preliminary 
design and physical understanding of the proposed microfluidic 
PCR device. The analytical model serves three main purposes: 
(i) providing closed-form relations for key design parameters, 
(ii) guiding the selection of geometric and operational ranges 
prior to numerical simulations, and (iii) validating the CFD 
results presented in subsequent sections. The flow within the 
microfluidic channel is modeled under the following assumptions: 
steady, incompressible flow; Newtonian fluid behavior; laminar 
regime with low Reynolds number; no-slip boundary condition 
at all solid walls; and rectangular microchannel geometry. The 
governing momentum equation under these conditions reduces 
to the Stokes equation: ∇p = μ ∇²u. For a rectangular microchannel 
satisfying h ≪ w (shallow channel approximation), the volumetric 
flow rate is given by the Hele-Shaw relation:

3( /12 )( / )Q Wh p Lµ= ∆
where w is the channel width, h is the channel height, μ is the 

dynamic viscosity of the PCR mixture, Δp is the applied pressure 
drop, and L is the channel length. The cross-sectional average 
velocity follows directly: ū = Q / (w h). Temperature distribution 
within the chip is governed by the energy equation, which in its 
general unsteady form reads: 

2/ppc T t k T q∂ ∂ = ∇ +
where ρ is the fluid density, cₚ is the specific heat capacity, 

k is the thermal conductivity of the chip material, and q̇ is the 
volumetric heat generation rate from the heater plates. Under 
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steady-state conditions and for one-dimensional heat conduction 
along the channel length, the energy equation simplifies to: k d²T/
dx² + q̇ = 0. The general solution yields the parabolic temperature 
profile:

2
1 2( ) ( / 2 )T X q k X C X C= − + +

where C₁ and C₂ are integration constants determined 
by the imposed wall temperatures. This solution directly 
underpins the relative deviation analysis: a material with higher 
thermal conductivity k produces a flatter T(x) profile, reducing 
temperature non-uniformity and improving PCR fidelity-
consistent with the superior performance of polypropylene (k = 
0.80 W/m·K) over polycarbonate (k = 0.24 W/m·K) and PDMS (k 
= 0.15 W/m·K).

A critical design constraint is that the fluid must remain 
within each thermal zone long enough for the corresponding 
PCR reaction step to complete. The residence time in each zone 
is: tᵣ = L / ū. The design condition tᵣ ≥ tₚᶜᵣ must be satisfied for 
each zone, where tₚᶜᵣ is the minimum required reaction time for 
denaturation (10 s), annealing (15 s), and extension (20 s) as 
specified in Table. Using the design velocity of ū = 1500 µm/s and 
the zone lengths defined herein, the computed residence times 
confirm that the channel dimensions and flow velocity satisfy the 
PCR timing requirements for all three stages. Two dimensionless 
groups govern the physics of the device. The Reynolds number 
characterizes the ratio of inertial to viscous forces: Re = ρ ū Dₕ 
/ μ, where Dₕ = 2wh/(w+h) is the hydraulic diameter. For the 
design parameters employed, re ≈ 4.5 × 10⁻´, confirming fully 
laminar, viscosity-dominated flow throughout the chip. The Péclet 
number characterizes the ratio of convective to diffusive thermal 
transport: Pe = ρ cₚ ū L / k. For the polypropylene chip with L = 
15,000 µm, Pe ≈ 50.6, indicating that streamwise heat advection 
substantially exceeds axial conduction. This confirms that inter-
zone thermal cross-contamination is negligible under normal 
operating conditions.

The computational meshes employed for the two validation 
geometries are illustrated in (Figure 2). For the periodic 
channel configuration (Figure 2A), near-wall mesh refinement 
is implemented to accurately resolve the boundary layer and 
capture the steep velocity and stress gradients that develop 
adjacent to the channel walls. This refinement is essential for 
the precise calculation of wall traction forces. For the expanding 
channel configuration (Figure 2B), the mesh is selectively refined 
in the initial development region immediately downstream of 
the geometric expansion, where flow separation, recirculation 
zones, and elevated shear layers demand high spatial resolution. 
A progressively coarser mesh is employed toward the channel 
outlet, which serves as a buffer region to mitigate the influence of 
the imposed outlet boundary condition on the upstream flow field 
of interest. In both cases, the mesh topology reflects a physics-
driven design strategy: resolution is concentrated where flow 
gradients are steepest, ensuring computational accuracy while 

minimizing unnecessary overhead in low-gradient regions.

The chip architecture was derived from the amplification 
protocol of a validated genus-specific real-time PCR method 
targeting the 18S rRNA gene. The procedure requires a total 
reaction volume of 30 µL, comprising 25 µL of PCR master mix 
and 5 µL of extracted DNA template. The fluid subsequently 
traverses thermally defined zones corresponding to the three 
PCR stages: annealing, extension, and denaturation. Relevant 
supplementary data on the PCR protocol and viscosity estimation 
are available in the associated supplementary files [26]. Three 
candidate polymers were screened for suitability as chip 
fabrication materials: polypropylene (PP), polycarbonate (PC), 
and polydimethylsiloxane (PDMS). The thermal characteristics of 
each material are summarized in Table 1.

To determine the impact of channel looping on fluid 
temperature uniformity and device efficiency, three geometric 
variants were modeled and simulated: a straight-channel 
design (no loops), a single-loop configuration, and a dual-loop 
configuration. All designs were constrained to equivalent total 
path lengths to isolate the effect of looping geometry. All three 
configurations were assigned a copper plate temperature of 
58°C during simulation. The geometric specifications are listed 
in Table 2, and the resulting flow field is illustrated in Figure 3. 
The pressure field varies linearly from approximately −0.29 
Pa to 0.10 Pa across the channel domain, consistent with fully 
developed viscous flow under a weak imposed pressure gradient. 
The centerline velocity magnitude remains near zero, which is 
attributable to the extremely low Reynolds number (Re ≈ 4.5 × 
10⁻´) characterizing flow in this microscale geometry. This near-
stagnant condition reflects the dominance of viscous forces and 
confirms that the flow is entirely in the Stokes regime, consistent 
with the analytical framework presented in Section 2.

The overall microfluidic chip was modeled with dimensions 
of 73 mm × 45.5 mm. The denaturation and annealing zones were 
each assigned a length of 15 mm, while the extension zone was 
set to 10 mm, with 2 mm spacing between zones. Due to software 
licensing constraints on the academic version of ANSYS, the total 
mesh element count was limited to 512,000 elements. Mesh 
quality was maintained at a minimum threshold of 0.10 to ensure 
simulation reliability. The viscosity of the PCR reaction mixture 
was estimated using the Falkenhagen equation, following the 
approach of Yang et al. [27]. Additional operating parameters for 
each thermal zone are presented in Table 3.

Following the loop geometry assessment, each of the three 
polymeric materials was incorporated into the 2-cycle chip 
simulation and evaluated across three sets of PCR temperatures: 
58/72/95°C, 60/74/97°C, and 63/77/100°C (corresponding 
to annealing, extension, and denaturation temperatures, 
respectively). Performance was quantified using relative deviation 
and the average square of difference (ASD) relative to target 
temperatures. Once the most efficient material was identified, a 
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secondary comparison was performed to evaluate the effect of 
varying channel cross-sectional area. Two designs with differing 
diameters and channel lengths were simulated at identical inlet 
velocities. Design 1 had a diameter of 300 µm, a channel length of 
200 µm, and a cross-sectional area of 130,686 µm². Design 2 used 
a diameter of 500 µm, a length of 300 µm, and a cross-sectional 
area of 346,350 µm².

Liquid Cooling Microchannel Optimization

The heat sink substrate measured 8 mm (width) × 8.26 mm 
(length) × 1 mm (height) and was modeled as copper, while water 
served as the working fluid. Thermophysical properties used in 
all simulations are summarized in Table 4. Fifteen cross-sectional 
geometries were evaluated, encompassing the most commonly 
encountered forms in microchannel literature [28,29]. For all 
shapes, the hydraulic diameter was held constant at 533 µm and 
the wall width at 800 µm, following the normalization approach 
of Deng et al. [30]. A uniform heat flux of 103,057 W/m² was 
imposed on the top substrate surface; the bottom surface and 
sidewalls were thermally insulated.

Fluid flow and heat transfer were modeled under the following 
simplifying assumptions: steady-state, single-phase, laminar, 
incompressible flow; negligible viscous dissipation; negligible 
gravitational effects; and no natural convection or radiation. 
Under these conditions, the governing conservation equations for 
mass, momentum, and energy-separately for the fluid and solid 
domains-were solved in their standard incompressible forms. 
For the buoyancy-driven convection PCR model (Section 3c), 
temperature-dependent fluid properties for water are employed 
throughout. The Nonisothermal Flow interface in COMSOL 
Multiphysics models the fully coupled heat transfer and fluid 
flow. The incompressible Navier-Stokes equation with a buoyancy 
source term governs the momentum balance and accounts for the 
density-driven lifting force responsible for natural convection:

( ) ( ( ) (2 / 3) ( ( )))Tp u u p u u u pgµ µ⋅∇ = −∇ +∇⋅ ∇ + ∇ − ∇ ∇⋅ +

In Eq. 4, the dependent variables for flow are the fluid velocity 
vector u and the pressure p. The constant g denotes gravitational 
acceleration, ρ gives the temperature-dependent density, and μ 
is the temperature-dependent dynamic viscosity. The local bulk 
fluid temperature was determined by a cross-sectional mass-
flux-weighted integral, and the average wall temperature was 
taken as the spanwise mean across the channel width. The local 
heat transfer coefficient at each axial position was calculated 
from the imposed heat flux divided by the product of the local 
temperature difference (wall minus bulk fluid) and the ratio of 
base area to wetted area. Local and average Nusselt numbers 
were then derived using the hydraulic diameter and fluid thermal 
conductivity as characteristic scales. Pressure drop was evaluated 
as the difference between inlet and outlet static pressures. No-slip 
boundary conditions apply on all boundaries. At steady state, the 
heat transfer within the fluid is given by:

( ) 0ppC u T k T⋅∇ −∇ ⋅ ∇ =

where T is the temperature, k denotes the thermal conductivity, 
and Cₚ is the specific heat capacity of the fluid. The mass transfer 
in the channel is governed by convection and diffusion using the 
Transport of Dilute Species interface:

/ ( )i i i ic t D c c u R∂ ∂ +∇ ⋅ − ∇ + =

where Dᵢ denotes the diffusion coefficient (10⁻⁷ cm²/s) and cᵢ 
is the species concentration (mol/m³). The term Rᵢ (mol/(m³·s)) 
corresponds to the species› net reaction rate.

A uniform inlet velocity and temperature were prescribed at 
the channel entrance, while an atmospheric pressure condition 
was applied at the outlet. No-slip and temperature-continuity 
conditions were enforced at all solid-fluid interfaces, and adiabatic 
conditions were applied to the bottom surface and lateral walls.

A simplified first-order reaction mechanism is used to 
represent the PCR process:

dsDNA → 2 ssDNA (Denaturation, 95°C) 			 
				  

ssDNA → aDNA (Annealing, 55°C)

aDNA → dsDNA (Extension, 72°C)

The rates of change in concentration of DNA components 
are determined from stoichiometric balances. The denaturation, 
annealing, and extension reaction rates are given by kd, ka, and ke, 
respectively. These reaction rate constants are spatially modulated 
using a Gaussian mapping function to localize each reaction in its 
respective temperature zone [32]. The characteristic reaction rate 
k* (= kᵢ/κᵢ) was taken to be 5.564 s⁻¹. The dimensionless reaction 
rate constants κᵢ were taken to be 1, 1, and 0.5 for denaturation, 
extension, and annealing respectively. The mapping function is 
defined as:

2 2exp( ( ) / (2 ))i if T T σ= − −

where σ (= 1°C) is the standard deviation of the reaction rate 
with respect to temperature and Tᵢ is the ideal temperature for 
each reaction. The initial value of dsDNA template is set to 1 mol/
m³ with no-flux boundary conditions.

Mesh independence was established by testing four 
tetrahedral mesh densities (206,000; 485,000; 663,000; and 
800,000 elements) at Re = 500. The local Nusselt number profile 
converged with increasing element count, and the deviation 
between the 663,000- and 800,000-element meshes was below 
0.63%. The 663,000-element mesh was therefore adopted for all 
subsequent simulations, balancing accuracy and computational 
cost. The numerical model was validated against published data 
from Alfaryjat et al. [31], who experimentally and numerically 
characterized circular, hexagonal, and rhombus cross-sections. 
Agreement was satisfactory across the Reynolds number range, 
with maximum deviations of approximately 4% in the average 
heat transfer coefficient and 10% in the pressure drop at Re = 
1000-both within the tolerance reported in comparable studies. 
To compare cross-sections on equal footing, all heat transfer and 
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pressure-drop results were normalized relative to the horizontal 
rectangular cross-section, which represents the standard baseline 
geometry in commercial microchannel heat sinks.

The heat transfer enhancement factor (E𝒩𝙊) and the 
pressure-drop penalty factor (E𝒳) were defined as the ratios of 
each geometry’s Nusselt number and pressure drop, respectively, 
to those of the reference rectangle. The overall performance 
evaluation criteria (PEC) index η was computed as E𝒩𝙊 / E𝒳¹⁄³. 
A value of η > 1 indicates that the net thermohydraulic benefit of 
a given cross-section exceeds that of the rectangular reference, 

accounting for both heat transfer gain and pressure-drop 
penalty. Having identified the optimal cross-sectional geometry, 
a transient simulation was conducted on a representative 
single-well PCR assembly. The assembly dimensions were 32.25 
mm × 8 mm × 8.26 mm (height, width, length), with symmetry 
boundary conditions applied to all four lateral faces. A time-step 
independence study using four step sizes confirmed that Δt = 0.1 
s produced converged temperature histories. The standard PCR 
thermocycle protocol (Table 5) was prescribed as a time-varying 
heat flux on the heater surface.

Results and Discussion
Table 1: Thermal properties of polymeric materials evaluated for microfluidic PCR chip fabrication. PP = polypropylene; PC = polycarbonate; 
PDMS = polydimethylsiloxane.

Property Unit PP PC PDMS

Melting Point K 432.15 428.15 408.15

Thermal Conductivity W/m·K 0.8 0.24 0.15

Specific Heat kJ/kg·K 1.8 1.2 1.46

Density kg/m³ 920 1200 970

Table 2: Geometric dimensions of the three channel designs used to assess the influence of looping on chip performance.

Design Radius (mm) Circumference (mm) Length (mm) Total Length (mm)

No Loops — — 30 30

One Loop 0.25 1.5708 14 30

Two Loops 0.25 1.5708 27 30

Table 3: Operating parameters for each zone of the microfluidic PCR chip design.

Region Residence Time (s) Length (µm) Passes Volume (µm³) Volumetric Flowrate Speed (µm/s)

Annealing (58°C) 15 15,000 1.5 2.94×10⁹ 1.96×10⁸ 1500

Extension (72°C) 20 10,000 3 3.92×10⁹ 1.96×10⁸ 1500

Denaturation (95°C) 10 15,000 1 1.96×10⁹ 1.96×10⁸ 1500

Spaces 5.3 8,000 — 1.05×10⁹ 1.96×10⁸ 1500

Total 153 75,500 3 9.87×10⁹ — —

Table 4: Thermophysical properties of materials used in microchannel heat sink simulations.

Material Density (kg/m³) Specific Heat (J/kg·K) Thermal Conductivity (W/m·K) Dynamic Viscosity (kg/m·s)

Water 997 4179 0.613 8.55 × 10⁻⁴

Copper 8933 385 401 —

Air 1.225 1006.43 0.0242 1.78 × 10⁻⁵

Table 5: Standard PCR amplification protocol used in the transient simulation.

Step Repetitions Temperature (°C) Hold Duration (s)

1 – Initial Denaturation 1× 94 120

2 – Denaturation 35× 94 40

3 – Annealing 35× 54 40

4 – Extension 35× 72 60

5 – Maintenance 1× 4 ∞
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Table 6: Effect of channel loop configuration on design efficiency, quantified by relative deviation and average square of difference (ASD = 
ΔT²/n).

Design Configuration Relative Deviation Average Square of Difference

No Loop 0.65 1.12

One Loop 0.8 1.39

Two Loops 0.88 1.52

Table 7: Relative deviation and ASD values for PP, PC, and PDMS under varying thermal cycling conditions. PP = polypropylene; PC = 
polycarbonate; PDMS = polydimethylsiloxane; ASD = ΔT²/n.

Material 58°C/72°C/95°C Rel. Dev. ASD 60°C/74°C/97°C Rel. Dev. ASD 63°C/77°C/100°C Rel. Dev. ASD

PP 0.94 3.21 2.84 5.82 6.9 25

PC 1.92 8.61 3.15 10 6.92 26.7

PDMS 2.78 14 3.47 14 6.93 29

Table 8: Comparative performance of two polypropylene chip designs with differing cross-sectional areas, evaluated at 58/72/95°C.

Parameter Design 1 Design 2 Unit

Diameter 300 500 µm

Length 200 300 µm

Relative Deviation 0.94 2.31 —

ASD 3.21 5.96 —

The results of the three computational investigations are 
presented in sequence, corresponding to the chip design, 
cooling optimization, and buoyancy-driven amplification studies 
described in Section 2 and Section 3. ANSYS CFD was employed to 
analyze fluid behavior, heat transfer, and reactive transport within 
the microscale environments characteristic of lab-on-chip devices, 
leveraging its capabilities for multiphase flow modeling, species 
transport, and surface-reaction kinetics [33,34]. A key advantage 
of the simulation-first approach is the early identification of 
performance limitations-including bubble entrapment, flow non-
uniformity, localized thermal gradients, and dead-zone formation-
prior to physical fabrication, thereby reducing development 
costs and experimental iteration cycles. Three designs-one 
with no loops, one with a single loop, and one with two loops-
were simulated at a copper plate temperature of 58°C. The 
resulting relative deviations and average squares of difference are 
presented in Table 6. (Figure 4) presents the three-dimensional 
spatial distributions of pressure (Pa), velocity magnitude (m/s), 
and temperature (°C) for the single-loop configuration, displayed 
side by side for direct comparison. The coupled nature of the flow 
and thermal fields is evident: elevated fluid velocities in the loop 
interior correspond to localized pressure gradients, while thermal 
contours confirm that the fluid approaches the prescribed 
copper plate temperature within each zone. Together, these field 
distributions validate the numerical fidelity of the CFD model and 
illustrate the interplay between hydrodynamics and heat transfer 
in the looped channel geometry.

The data indicate a mild but consistent increase in relative 
deviation as loop count increases-from 0.65 with no loops to 

0.88 with two loops. This trend reflects a minor reduction in 
temperature uniformity, attributable to the altered flow dynamics 
and additional contact area introduced by the loop geometry. 
However, the magnitude of this degradation is minimal, and the 
looped configurations remain thermally stable relative to the 
target temperature. From a practical standpoint, incorporating 
loops into the chip design offers meaningful advantages. Looping 
reduces the total linear length of the chip while preserving 
the required total fluid path length, thereby enabling a more 
compact chip footprint. Additionally, channel loops promote 
vortex formation and secondary flow patterns that enhance 
reagent mixing, potentially improving reaction homogeneity. The 
introduction of redundancy through multiple loop circuits may 
further contribute to reaction stability by enabling the system to 
compensate for localized flow perturbations.

The proposed microfluidic PCR chip was modeled in ANSYS as 
a 44-cycle configuration encompassing full thermal cycling across 
all three PCR stages. The design incorporates five thermally active 
copper plates maintained at specific temperatures corresponding 
to the annealing, extension, and denaturation conditions 
required for DNA amplification. Temperature conditions for the 
three simulation runs were set as follows: 58/72/95°C (first 
simulation), 60/74/97°C (second), and 63/77/100°C (third), 
applied in sequence across the five plate positions. In microfluidic 
PCR applications, the number of amplification cycles directly 
governs the sensitivity and detection limits of the assay. An 
elevated cycle count supports exponential accumulation of target 
sequences, which is particularly advantageous when starting from 
low-copy-number samples. The design specification of 44 cycles-
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exceeding the 36-cycle threshold established for conventional PCR 
at this sensitivity level-was adopted to account for the reduced 
sample volume processed in the microfluidic format [35]. Due to 
software licensing restrictions on the academic version of ANSYS, 
the full 44-cycle chip could not be meshed within the available 
computational budget. Accordingly, a 2-cycle chip was used as 
a simulation surrogate, with the results taken as representative 
of the full-scale design behavior. The performance of each 
polymeric material under three sets of temperature conditions is 
summarized in Table 7.

Among the three materials tested, polypropylene at the 
58/72/95°C temperature setting produced the lowest relative 
deviation (0.94) and ASD (3.21), indicating the best combination 
of precision and accuracy for temperature delivery within the 
chip. These findings align with the known physicochemical 
properties of the materials. Polypropylene’s relatively high 
thermal conductivity (0.80 W/m·K) compared to PC (0.24 
W/m·K) and PDMS (0.15 W/m·K) enables more responsive 
heat transfer between the copper plates and the fluid channel 
[36,37]. Its chemical inertness, biocompatibility, and favorable 
manufacturability further support its suitability for PCR chip 
fabrication. Polycarbonate offers advantages in terms of optical 
transparency and chemical resistance, which could be valuable for 
real-time fluorescence-based detection [38]. PDMS, while highly 
flexible and amenable to soft lithographic fabrication of intricate 
channel geometries, exhibited the greatest thermal deviation in 
this study, likely due to its very low thermal conductivity limiting 
effective heat transfer across the channel wall [39,40]. Following 
identification of polypropylene as the optimal material, the 
influence of channel geometry was examined by comparing two 
design variants differing in channel diameter and length while 
maintaining the same inlet flow velocity. Results are shown in 
Table 8.

Increasing the channel diameter from 300 µm to 500 µm 
and the length from 200 µm to 300 µm resulted in a marked 
increase in relative deviation (0.94 to 2.31) and ASD (3.21 to 
5.96). This deterioration in thermal performance is attributable 
to the increased volume of fluid that must be heated or cooled 
within each zone, which reduces the efficiency of temperature 
equilibration when the volumetric flow rate is held constant. The 
smaller cross-sectional design therefore provides more favorable 
heat-transfer kinetics and is recommended for use in the physical 
fabrication of the chip. (Figure 5) illustrates the steady-state 
velocity profile alongside temperature contours within the 
microchannel. A prominent convective cell dominates the flow, 
with fluid moving more rapidly along the vertical walls where the 
temperature gradient is most pronounced.

Two factors primarily govern heat transfer magnitude in 
microchannels: the ratio of substrate base area to total wetted 
surface area (Aˇ/NAâ), and the uniformity of temperature 
distribution within the channel. The circular and trapezoidal 
cross-sections exhibit the highest Aˇ/NAâ values among all shapes 
tested, which promotes convective heat transfer. However, the 
trapezoidal geometry produces pronounced thermal hotspots at 
its acute corners, leading to uneven temperature distributions that 
partially offset the benefit of its large, wetted area. The circular 
cross-section, by contrast, offers both a favorable wetted area ratio 
and the smallest fluid-to-wall temperature differential, yielding 
the highest Nusselt numbers across the entire Reynolds number 
range examined (350–1150). At Re = 1150, the circular cross-
section surpasses the square by approximately 25% in average 
Nusselt number [41]. (Figure 6) presents the spatial concentration 
profile of activated DNA (aDNA) 20 seconds into the simulated 
assay. The aDNA, representing the target molecule bound to the 
surface activator, shows a high, localized concentration at the 
functionalized surface (left boundary), forming a steep gradient 
that decays sharply into the microchannel. This profile confirms 
the successful and rapid capture of target molecules at the sensor 
interface.

Cross-sections with sharp interior angles-including delta, 
gradient, and various trapezoidal configurations-consistently 
exhibited lower heat transfer performance, attributable to 
recirculation zones and stagnant dead zones forming at the 
corners. These regions impede convective transport and promote 
local thermal energy accumulation, reducing overall thermal 
performance. (Figure 7) presents the concentration distribution of 
double-stranded DNA (dsDNA) at the 20-second mark. The profile 
reveals a diffuse band extending from the sensor surface into 
the bulk solution, indicating the presence of hybridized surface 
complexes. The gradient is less steep than that of aDNA, consistent 
with a dynamic equilibrium between hybridization at the surface 
and diffusion or dissociation into the bulk channel volume. 
Pressure drop across all cross-sections increases monotonically 
with Reynolds number, as expected for laminar flow. Among all 
geometries, the trapezoidal cross-sections generate the greatest 
pressure drop, while the circular cross-section produces the 
lowest values at every Reynolds number tested. The PEC index 
η normalizes results to the rectangular cross-section, and the 
circular geometry consistently achieves the highest η values 
across the entire Reynolds number range-confirming that its 
heat transfer gains more than compensate for any pressure-drop 
increase. Conversely, the trapezoidal cross-sections yield the 
lowest η, reflecting the disproportionate pressure-drop penalty 
associated with their corner geometry [42].
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Figure 1: (a) schematic (b) in vitro. A customizable off-the-chip microfluidic platform offering multiple functional modules—including 
droplet generation, mixing, gradient generation, electrophoresis, shear force measurement, hydrodynamic flow focusing, and filtration. 
The assembly consists of a top plate with a plastic (polycarbonate or PMMA) layer containing molded luer connectors and an elastomer 
bonding layer. The bottom layer can be configured as: plastic, elastomer, or glass. The microfluidic channel network can be patterned on 
either the top or bottom plate.

Figure 2: Computational meshes for the periodic and expanded channel configurations. (A) Mesh for the channel features highly refined 
cells at the walls to resolve boundary layers and ensure accurate traction force calculation. (B) Mesh for the expanding channel employs 
localized refinement in the initial development region to capture complex flow separation, with a coarser mesh downstream to mitigate the 
influence of the outlet boundary condition.
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Figure 3: Pressure distribution (top) and velocity magnitude field (bottom) for a low-speed internal flow. The sampled centerline data 
(Table 1) shows near-zero velocities despite a linear pressure gradient from –0.29 Pa to 0.10 Pa, indicating near-stagnant flow conditions.

Figure 4: One Loop 3D Variation of pressure distribution (Pa), velocity magnitude field (m/s), and temperature (°C) from left to right 
across the observed domain.
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Figure 5: Steady-state temperature distribution (°C) and velocity magnitude (m/s) within the microfluidic PCR chip. The convective cell 
structure is visible, with elevated fluid velocities near the heated vertical walls where thermal gradients are most pronounced.

Figure 6: Spatial concentration profile of activated DNA (aDNA) at t = 20 s. A high, localized concentration at the functionalized surface 
(left boundary) decays sharply into the microchannel, confirming rapid and effective surface capture of target molecules.
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Figure 7: Concentration distribution of double-stranded DNA (dsDNA) at t = 20 s. A diffuse hybridized band extends from the sensor 
surface into the bulk solution, with a gradient less steep than that of aDNA, indicating dynamic equilibrium between surface hybridization 
and bulk diffusion.

Figure 8: Spatial distribution of single-stranded DNA (ssDNA) probes at t = 20 s. Immobilized probes are concentrated at the left (sensor) 
boundary, with a pronounced concentration gradient extending into the channel, reflecting ongoing probe diffusion and availability for 
target hybridization.
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Figure 9: Comparative averaged concentration profiles of aDNA, dsDNA, and ssDNA perpendicular to the sensor surface at t = 20 s. The 
profiles quantify distinct spatial relationships: aDNA is most surface-concentrated, dsDNA occupies an intermediate hybridized layer, and 
ssDNA exhibits the broadest diffusion profile into the bulk channel.

Figure 10: Design Flowchart.
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Figure 11: Temperature profiles along the microfluidic channel for three candidate materials: Polypropylene (PP), Polycarbonate (PC), 
and PDMS. Each panel shows temperature evolution through three thermal zones: annealing (58°C, blue-shaded region), extension 
(72°C, orange-shaded region), and denaturation (95°C, green-shaded region). The dashed horizontal lines represent target temperatures 
for each zone. Polypropylene demonstrates the most stable temperature maintenance due to its higher thermal conductivity (k = 0.80 
W/m·K), while PDMS shows greater deviation from target temperatures. The exponential approach to target temperatures reflects heat 
transfer dynamics between the fluid and channel walls.

Figure 12: Quantitative comparison of thermal performance for three polymeric materials: Polypropylene (PP), Polycarbonate (PC), 
and PDMS. (Left) Relative deviation (%) from target temperatures across all three thermal zones, showing PP with the lowest deviation 
(most accurate temperature control). (Right) Average Square of Difference (ASD, °C²) quantifying temperature uniformity, with PP again 
demonstrating superior performance. These metrics validate Polypropylene as the optimal material choice for maintaining precise thermal 
conditions required for successful PCR amplification.

http://dx.doi.org/10.19080/AIBM.2026.18.556010


How to cite this article: Mohammad Yaghoub Abdollahzadeh Jamalabadi. Numerical Investigation of Polymerase Chain Reaction Design: Microfluidic 
Chip Simulation, Liquid Cooling Optimization, and Buoyancy-Driven Amplification. Adv Biotech & Micro. 2026; 19(2): 556010. 
DOI: 10.19080/AIBM.2026.18.556010

0015

Advances in Biotechnology & Microbiology

Figure 13: Comparison of two channel cross-sectional designs for thermal efficiency. Design 1 (top) features a 300 μm diameter channel 
(70,685 μm² area), while Design 2 (bottom) uses a 500 μm diameter channel (196,350 μm² area). The smaller cross-section in Design 1 
reduces thermal mass by 64%, enabling faster heating/cooling cycles and better thermal uniformity. This analysis confirms that smaller 
channel diameters improve thermal response times, a critical factor for rapid PCR cycling.

Figure 14: Effect of loop configurations on chip performance and compactness. (Left) Relative deviation increases slightly with additional 
loops. (Center) ASD values show similar trends with loop addition. (Right) Trade-off analysis demonstrating that while loop addition 
causes minor thermal performance reduction (increased deviation and ASD), it significantly improves chip compactness. The two-loop 
configuration represents an optimal balance, providing 44 PCR cycles in a compact 73 × 45.5 mm footprint while maintaining acceptable 
thermal performance.
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Figure 15: Comprehensive summary of the optimized microfluidic PCR chip design. (Top-left) Key performance metrics showing relative 
deviation (3.33%), ASD (1.12°C²), and cycle time (26.67 s). (Top-center) Material selection based on performance metrics, confirming 
Polypropylene as optimal. (Top-right) Residence time analysis showing calculated vs. required times for all thermal zones. (Bottom-left) 
Hydraulic parameters confirming laminar flow regime (Re = 0.45). (Bottom-center) Physical chip layout featuring two-loop configuration 
within 73 × 45.5 mm footprint. (Bottom-right) Design specifications summary for malaria detection application.

When the circular microchannel heat sink was positioned 
beneath a single-well PCR device and the standard thermocycle 
protocol was applied, transient simulation results indicated that 
the sample temperature reaches the target annealing setpoint in 
16.5 seconds per cooling step. By comparison, a benchmark air-
fan cooling system requires approximately 20.97 seconds per 
equivalent step-a difference of approximately 4.5 seconds per 
cycle. Multiplied over 35 amplification cycles, this differential 
accumulates to a total time saving of approximately 157.5 seconds 
(2.6 minutes) per amplification run [43]. (Figure 8) presents 
the spatial distribution of single-stranded DNA (ssDNA) probes 
after 20 seconds. A high concentration is maintained at the left 
boundary (sensor surface), representing the immobilized probe 
layer. A pronounced concentration gradient extending into the 
channel reflects the ongoing diffusion of unbound ssDNA and 
confirms probe availability for continued target hybridization.

This time reduction carries direct practical implications: 
in high-throughput diagnostic laboratories processing large 
numbers of samples, shortening each amplification run by several 
minutes translates into substantially increased daily throughput. 
Furthermore, the microchannel heat sink integrates compactly 
with the standard 96-well PCR plate format, eliminating the bulky 
external enclosures and fans associated with conventional air-
cooled systems. (Figure 9) presents a comparative summary of 
the averaged concentration gradients of aDNA, dsDNA, and ssDNA 
measured perpendicular to the sensor surface at 20 seconds. The 

composite profile highlights distinct spatial relationships: aDNA 
is highly surface-concentrated, dsDNA forms an intermediate 
hybridized layer, and ssDNA exhibits the broadest diffusion 
profile extending furthest into the bulk channel. Together, these 
profiles provide quantitative confirmation of the binding and 
hybridization kinetics established during the early stage of the 
assay.

The steady-state velocity profile analysis confirms that a 
large convective cell occupies the channel. The fluid flows along 
the boundaries and is faster at the vertical walls where the 
temperature variations are highest, consistent with Rayleigh-
Bénard type convection in the vertical geometry [32]. Reaction 
rate analysis after 120 seconds demonstrates that denaturation, 
annealing, and extension reactions are localized around 95°C, 55°C, 
and 72°C respectively, validating the Gaussian mapping function 
approach for temperature-dependent reaction localization. 
Initially, only denaturation is taking place in the channel, but 
after a transition period, annealing and extension effects become 
visible as the convective circulation establishes steady flow 
patterns. Concentration profile analysis of DNA components over 
a 120-second simulation confirms the characteristic PCR kinetics: 
the concentration of double-stranded DNA template (dsDNA) 
initially decreases due to denaturation but later exponentially 
increases due to amplification in the extension region. The 
doubling time of approximately 60 seconds is of the same order 
of magnitude as reported in the literature [32] and compares 
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favorably with the doubling time of a conventional laboratory-
scale PCR system of approximately 2 minutes.

Based on the zone-specific residence times defined in Table, the 
proposed 44-cycle microfluidic PCR chip requires approximately 
112.23 minutes to complete a full amplification run. While this 
is longer than some rapid molecular diagnostic platforms, it 
remains within an acceptable range for point-of-care settings 
where the alternative involves sending samples to a centralized 
laboratory. Further design optimization-particularly in reducing 
transition times between thermal zones, combined with the liquid 
cooling enhancements identified in Part II-may enable significant 
reductions in total cycle time in future iterations. (Figure 
10) presents a design flowchart summarizing the systematic 
optimization process for the microfluidic PCR chip. Beginning 
from defined target specifications (30 µL reaction volume, 44 
amplification cycles, 1500 µm/s flow velocity), the framework 
proceeds through three sequential optimization stages: (i) loop 
configuration assessment, comparing zero-, one-, and two-loop 
geometries; (ii) material selection, evaluating PP, PC, and PDMS on 
the basis of thermal performance metrics; and (iii) cross-sectional 
geometry optimization, selecting a 300 µm diameter over a 500 
µm alternative. The validated design parameters are subsequently 
carried forward into CFD heat transfer simulation and provide a 
basis for experimental prototype fabrication, culminating in a 
chip capable of completing a full 44-cycle amplification run in 
112.23 minutes. 

Figure 11 presents the simulated axial temperature profiles 
along the microfluidic PCR channel for three candidate polymeric 
materials: polypropylene (PP), polycarbonate (PC), and PDMS. 
Each panel corresponds to one material and displays the thermal 
evolution of the fluid as it traverses the three sequential heating 
zones: annealing (58°C), extension (72°C), and denaturation 
(95°C), indicated by blue, orange, and green shaded regions, 
respectively, with dashed horizontal lines denoting target 
temperatures. The fluid temperature follows an exponential 
approach toward each setpoint, governed by the convective 
heat transfer between the fluid and the heated channel walls. 
Polypropylene (top panel) achieves the closest agreement with 
target temperatures across all three zones, attributable to its 
superior thermal conductivity (k = 0.80 W/m·K), which facilitates 
efficient heat exchange through the channel wall. Polycarbonate 
(middle panel) shows intermediate performance, while PDMS 
(bottom panel) exhibits the greatest lag and deviation from target 
temperatures, particularly in the annealing and extension zones, 
consistent with its low thermal conductivity (k = 0.15 W/m·K). 
These profiles directly support the material selection decision 
and underscore the critical role of substrate thermal conductivity 
in achieving the precise temperature control required for reliable 
PCR amplification.

Figure 12 presents a quantitative comparison of thermal 
performance for the three candidate materials using two 

complementary metrics: relative deviation (%) and the Average 
Square of Difference (ASD, °C²). The left panel displays bar 
charts of the relative deviation from target temperatures across 
all three thermal zones, with polypropylene (PP) yielding the 
lowest value (approximately 3.33%), followed by polycarbonate 
(PC) and PDMS. The right panel presents the corresponding ASD 
values, confirming the same ranking. These results collectively 
establish that PP provides the most accurate and thermally 
uniform performance among the materials evaluated, directly 
validating its selection as the preferred fabrication material for 
the microfluidic PCR chip.

Figure 13 compares two candidate channel cross-sectional 
designs in terms of their thermal efficiency. Design 1 employs a 
circular cross-section with a 300 µm diameter (cross-sectional 
area: 70,685 µm²), while Design 2 uses a 500 µm diameter (cross-
sectional area: 196,350 µm²). The smaller cross-section of Design 
1 reduces the thermal mass by approximately 64% relative 
to Design 2, enabling substantially faster heating and cooling 
transients. This improvement in thermal responsiveness is critical 
for rapid PCR thermocycling, where minimizing the transition 
time between temperature setpoints directly reduces total assay 
duration. 

Figure 14 illustrates the effect of loop configuration on 
chip thermal performance and physical compactness through 
a three-panel comparative analysis. The left and center panels 
show the relative deviation and ASD values, respectively, for the 
no-loop, single-loop, and dual-loop configurations; both metrics 
increase marginally with loop count, confirming the mild thermal 
penalty associated with increased geometric complexity. The 
right panel presents a trade-off analysis in which normalized 
performance metrics are plotted against compactness: while 
loop addition causes a modest reduction in thermal uniformity, 
it yields a substantial gain in device compactness. The two-loop 
configuration represents the optimal balance, accommodating 
a full 44-cycle amplification protocol within a 73 mm × 45.5 
mm footprint while maintaining thermal performance within 
acceptable bounds for PCR applications.

Figure 15 presents a comprehensive summary dashboard that 
integrates all key aspects of the final PCR chip design into a single 
visualization comprising six panels:

i.	 Key Performance Metrics: Bar chart showing relative 
deviation (3.33%), ASD (1.12 °C²), and time per cycle (26.67 s).

ii.	 Material Selection: Pie chart confirming Polypropylene 
as the chosen material based on its lowest relative deviation.

iii.	 Residence Time Analysis: Grouped bar chart comparing 
calculated versus required residence times for each thermal zone, 
all meeting or exceeding requirements.

iv.	 Hydraulic Parameters: Bar chart displaying Reynolds 
number (0.45, confirming laminar flow), volumetric flow rate, and 
pressure drop.
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v.	 Chip Layout: Schematic diagram of the physical chip 
layout (73 mm × 45.5 mm) with two loops for compactness.

Design Specifications: Text summary listing critical 
parameters including 44 cycles, total run time, sample volume, 
channel diameter, and the target application (malaria detection). 
Together, these panels provide a holistic overview of the 
optimized microfluidic PCR chip, validating the design decisions 
and summarizing the operational specifications for practical 
implementation in diagnosing Plasmodium falciparum at low 
parasitemia levels.

Conclusion

This integrated computational study establishes a cohesive 
framework for the rational design of microfluidic PCR platforms 
by simultaneously addressing three critical aspects: chip 
architecture, thermal management, and reaction kinetics. The 
principal findings and their implications are summarized as 
follows:

a)	 The introduction of channel loops provides a viable 
strategy for achieving a compact device footprint, with 
only a marginal increase in thermal deviation (from 0.65 to 
0.88). Among the candidate polymers, polypropylene (PP) 
demonstrated superior performance, yielding the lowest relative 
deviation (0.94) and Average Square of Difference (3.21) under 
standard PCR conditions (58/72/95°C). This is attributed to its 
favorable thermal conductivity (0.80 W/m·K), which ensures 
precise temperature control. Furthermore, a smaller channel 
cross-section (300 µm diameter) was shown to enhance thermal 
responsiveness and fidelity compared to larger designs, providing 
a clear guideline for geometric optimization.

b)	 A systematic comparison of fifteen microchannel cross-
sections identified the circular geometry as optimal for PCR 
cooling applications. It delivered a 25% higher average Nusselt 
number than a square channel at Re = 1150 while simultaneously 
generating the lowest pressure drop. The Performance Evaluation 
Criteria (PEC) index confirmed its superior thermohydraulic 
performance. Transient simulations of a full 35-cycle protocol 
revealed that this optimized liquid cooling system reduces the 
cooling time per cycle to 16.5 seconds, culminating in a total time 
saving of approximately 157.5 seconds (2.6 minutes) per run 
compared to conventional air-based cooling-a significant gain for 
high-throughput diagnostics.

c)	 The convection-reaction-diffusion model successfully 
validated a pump-free PCR paradigm, where temperature-
induced density gradients autonomously drive fluid circulation. 
The simulation confirmed exponential DNA amplification with 
a doubling time of approximately 60 seconds, consistent with 
established experimental benchmarks. This demonstrates the 
feasibility of simplifying device architecture by eliminating 
external pumps, which is advantageous for developing portable, 
field-deployable diagnostic systems.

Collectively, these findings are not isolated results but form a 
synergistic design toolkit. The recommended polypropylene chip 
with a compact looped layout can be effectively paired with the 
circular microchannel heat sink for active thermal management, 
while the buoyancy-driven model offers a pathway to passive, 
pump-free operation. This multi-faceted approach enables 
engineers to make informed trade-offs between speed, footprint, 
complexity, and performance. To transition from computational 
insight to practical implementation, future work should focus on:

i.	 Full-scale simulation of the 44-cycle chip geometry to 
validate extrapolated performance metrics

ii.	 Experimental prototyping and validation of the 
integrated design combining the optimized chip, cooling system, 
and buoyancy-driven flow

iii.	 Advanced material exploration, including biocomposites 
and substrates with enhanced thermal properties

iv.	 Further heat transfer intensification through wavy or 
oblique microchannel patterns and the use of nanofluids

v.	 System-level integration with on-chip sample 
preparation and detection modules to create a fully functional 
lab-on-a-chip device.

In conclusion, this work provides a comprehensive 
computational roadmap for developing next-generation 
microfluidic PCR platforms that are faster, more compact, and 
better suited for point-of-care and resource-limited diagnostic 
settings than conventional systems. The integrated framework 
presented here bridges the gap between isolated component 
studies and holistic platform design, offering a systematic, 
simulation-driven basis for advancing miniaturized PCR 
technology toward practical field deployment.
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