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Abstract 

 

 Infectious diseases constitute a major cause of disease burden and more than half a billion 

Disability -Adjusted Life Year’s (DALYs) and millions of deaths each year. They have large effect 

on children under 5 years of age especially. To provide the healthy life to people the disease 

diagnostic are very essential on early stages so that an early cure can control the disease.  

For the purpose of drug discovery, Infectious disease diagnostics, on site evidence collection 

system pathology and food science, the Polymerase chain reaction (PCR) method is used. 

Polymerase chain response (PCR) can make duplicates of specific parts of DNA by thermal 

cycling. An average three-step PCR incorporates denaturation of double stranded DNA (92–98 

°C), the primers annealing (50–60 °C), and extension of single strand DNA to double strand DNA 

(68–72 °C). Each thermal cycle can double the quantity of DNA, and 20–35 cycles can create a 

large number of DNA copies. The continuous flow microfluidic device are not suitable for 

commercial purpose. The static chamber device available in market for 30 microliter sample size, 

these devices are much expensive. In this study we designed a Well type Sample block for the 

sample volume of 50 microliter. The Sample block is in rectangular shape 48 (6 by 8) wells with 

each 50 microliter capacity. The sample block material is aluminum, tubes are made of 

polypropylene and tube cap made with transparent glass. Initially the cyclic temperature boundary 

condition is applied and for final analysis thermoelectric component is placed at the base of sample 

block. The ATE1-TC-70-15AS is number of thermoelectric module, which consisted at 70 cells. 

Other information can be obtained about Peltier from Analog technologies catalog.  

The device results are compared with CFX Bio-Rad design and current study shows the better 

temperature response rate, temperature uniformity with in fluid sample. The sample block can be 

made only by machining process. Hence, the proposed scheme paves the way for low-cost point-

of-care diagnostics, system integration and device miniaturization, realizing a portable 

microfluidic device applicable for on-site and direct field uses.         

Keywords: Thermal cycling, Microfluidic design, DNA amplification, CFX Bio-Rad, Polymerase 

chain reaction (PCR), thermoelectric module. 
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CHAPTER 1 

INTRODUCTION 

1.1. Overview 

In this section we will establish the importance of POC (point of care) diagnostics in healthcare 

and the merits of PCR based pathogen and biomarker detection. First, we will provide an overview 

of the burden of disease in the world and then we will show the expected impact opportunity of 

diagnostic technologies, especially focusing on the comparison between developing world and 

low income regions. ‘Appropriate’ diagnostics technologies have the potential to revolutionize 

healthcare in developing world immediately and in developed world eventually especially for 

infectious diseases. Molecular diagnostics (MDx) is also becoming very important in diagnostics 

and cure of communicable diseases such as cancer and cardiovascular disease. Everybody in the 

world will eventually die and nothing in the world can prevent this. It is estimated that 107 Billion 

have ever lived on Earth i.e., about 15 dead people for each living person at the present time. 

However, the cause of death varies among humans. [1]  

The average lifespans also varies in different regions, and the prevalence of disease varies widely 

as do the average income levels. Most of these deaths are due to diseases of various kinds. Clearly, 

the impact of disease on human population is large, and while everyone will eventually die, 

diseases clearly lead to lower quality of life and productivity.  To increase the quality of life there 

need to make devices which can use to identify the diseases as cheap as possible. For the 

diagnostics of diseases different type of test required, the microfluidic is field of engineering in 

which design the devices for lowest sample size. 

Microfluidic systems are a subject of interest since past few decades because of short time of 

reaction and a pretty fast transition during the process. Microfluidic chips found many applications 

in the field of biomedical engineering and in the fields of genetics. In 1986 when PCR (polymerase 

chain reaction) was invented [2], microfluidic systems became an important regime that found its 

application on the micro scale biochemical reactions. Polymerase chain reaction (PCR) is a 

biochemical process for an in-vitro enzymatic amplification of nucleic acid. The objective of PCR 
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is to amplify a single template to produce the copies by square power for each cycle. PCR finds 

its wide applications in the field of clinical sciences, medical diagnostic, biological drug discovery 

and also in genetic analysis.  

Generally there two comprehensive ways in which we can perform the microfluidic thermo 

cycling. These are continuous flow PCR and static chamber PCR. The working principle of static 

chamber PCR devices is almost same as of conventional thermocyclers. The sample is the static 

chamber device is static and both sample and the device undergo the thermal cycling operations 

[3-5]. In static chamber PCR devices thermal cycling is attained by the natural convection due to 

the temperature gradients present between the two thermal plates that are kept above the 

denaturation and below the annealing temperatures [6-7]. Thermal inertia in the early continues 

devices was high as compared to the static chamber PCR devices. At the time the power of pump 

is also required to flow the sample through micro channels and it’s not efficient way to amplify 

the DNA. At a time only one sample can be tested in continues devices but in static chamber can 

be placed more than one sample, which reduce the overall testing cost of samples. SC devices 

require the high consumption of energy due to the thermal inertia and cycling process got longer 

[8-10] but when used more than one samples at a time, the required energy is less as continues 

system. To achieve the rapid heating and cooling rate to reduce the thermal mass of static chamber 

different changes were made e.g. Aluminum alloy was used to manufacture the microfluidic PCR 

sample block [11-12].  The computational study couples the mass conservation of species and 

PCR kinetics with the heat transfer, Peltier heating and temperature controller. In the static 

chamber devices most common approaches are the solution of heat transfer equations [13-14]. 

Some studies couple the controller function with the static chamber devices [15].  
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Figure 1.1: Amplification process of PCR involving three temperature zones [16]. 

1.2. Fundamental Components of PCR system     

PCR process consists of five main components that are necessary to perform the PCR process. 

These five key components are briefly summarized here.  

i. First one is the DNA template that is a target which has to be copied. 
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ii. There are short pieces of DNA which are called primers, whose function is to match 

the DNA template. 

iii.  Nucleotides of DNA that also known as triphosphates are made of four types of 

bases (A, C, G and T) which works as building blocks of DNA. In the process of PCR 

these triphosphates are necessary to make the new strands of DNA.  

iv. DNA polymerase are complex are complex proteins which are used to build the new 

strands of DNA by using primers and triphosphates. 

v. Buffers are used to provide the suitable environment for the reaction. 

1.3. Applications of PCR   

PCR finds its various applications in the different fields including the clinical sciences, genetic 

analysis and medical diagnosis. Some important applications of PCR are given below.  

i. PCR finds it enormous applications in the detection of various viral health diseases 

such as AIDS, tuberculosis and influenza virus. 

ii. Sometimes genetic problems occur due to innate changes or natural mutations. PCR 

helps in the diagnosis of these types of genetic diseases.  

iii. PCR is used in the identification of fingerprints for different purposes.  

iv. PCR is used to trace the evolutionary and cultural lineage of living beings. 

v. PCR is used extensively for microbial surveillance of the environment. 

vi. Detection of pathogens in food, water and in tissue specimens is done through the 

PCR. 

 

Figure 1.2: PCR infectious disease diagnosis. 



18 
 

1.4. Motivations   

Micro electromechanical (MEMS) have become very advanced in the current age and its growth 

has shown a pretty fast advancement. The worth of MEMS industry was $6 billion in the 2006 

and this grown up to $11.9 billion that is a handsome increment. This growth was more than the 

expected growth according to the experts in this industry. In this sector microfluidic devices and 

bio MEMS are a big contributor with the worth of $2.7 and $2.56 billion in the fiscal year of 2015 

respectively. This constant growth in the industry of MEMS and microfluidic devices is a source 

of motivation to develop the PCR devices to share the market worth. PCR devices are being used 

worldwide to diagnose the serious health diseases and their treatment e.g. cancer and other blood 

related diseases in the medical laboratories. Currently in Pakistan growth rate of cancer is being 

increased at an alarming level and 12 deaths are occurring in 100 reported cases. This issue can 

be overcome by growing the local MEMS industry to provide the cheap equipment that is used in 

to the biomedical and pathology laboratories. In this way a handsome reduction in cost can be 

observed. Restriction Fragment Length Polymorphism (RFLP) is an old method to perform some 

specified DNA relates tests. In this technique amount of DNA required is large and also it must 

be graded. When conditions become hot or moist then degradation of DNA occurs at high rates 

and in these conditions RFLP method fails to give the required results. PCR is a technique that 

has replaced this method in the current forensic science and medical laboratories. The present 

research work is motivated from the above mentioned data and considerations for the local 

industrial growth to produce a feasible static chamber thermoelectric PCR device. In the 

developing countries many infectious diseases are causing the disability and burden of deaths in 

the people. If an access can be granted to the proper treatment of these infectious diseases in a 

cheaper way then death rate can be decreased in an appreciable manner. In some cases there is no 

need to conduct the test for the diagnosis of disease or infection but in some cases it is necessary 

to perform some specific pathological test for accurate diagnosis. In many developing countries 

proper diagnosis test are not available so they rely on the technique of point of care (POC). Lack 

of rules and regulations in many developing countries cases the poor POC tests which finally 

results in the poor diagnosis. In the current scenario PCR devices are of a great importance for 

these countries that can perform the test for many fatal diseases in an accurate way with a very 

reasonable investment. Many medical centers in the developing countries just rely on the physical 

clinical judgment that cannot be an accurate diagnosis for some fatal bacterial diseases. So, if 
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cheaper PCR devices are available to those hospitals where a common person needs the proper 

diagnosis and treatment of his disease then life would be much easy rather than involving the 

wrong clinical analysis.  

1.5. Contributions 

Conventional CF-PCR have different limitations in terms of their design, cost, and sizes. These 

are important factors and need consideration in manufacturing the PCR devices. One important 

factor is the PCR device is the heating process. In the present work heating processes are analyzed 

by applying a 3D convective heat transfer model for static chamber PCR calculations. There are 

different parameters in the SC-PCR device that affects the efficiency and performance of the 

device. To determine which one affects the most a parametric study is performed. Some 

parameters are critical to design a low mass rapid response PCR sample block and some are not. 

Critical parameters are listed in a way to specify their affects. The major contribution of this work 

is to develop a SC-PCR device for DNA amplification. Different kinetic parameters are developed 

in the formulation of current PCR kinetic model to evaluate the DNA amplification performance.  

1.6. Thesis Outline 

The detail of chapters are given below, which topics discussed. 

 Chapter 1 presents the overview of PCR, its fundamental component, applications and importance 

PCR devices for infectious daises. In chapter 2, detail literature review about available device 

methods of heating and cooling and technologies in PCR devices presented. The design detail of 

parts involved in PCR device is discussed in Chapter 3. Chapter 4 presents FEM based 3-

dimensional heat transfer mathematical model, PCR kinematics modeling and Peltier heat transfer 

model. The simulation setup validation and comparison of results of current study and Bio-Rad 

CFX [1] presented in chapter 5. In chapter 6, the numerical results of sample block results and 

thermoelectric modules basic results. Finally, the conclusions and future work that can be further 

performed from this research is also presented in chapter 6. And some drawings of sample block 

given at end. The objective of this thesis is design a sample block with lowest mass and rapid 

response of temperature change for the sample size of 50 microliter. 



20 
 

CHAPTER 2 

LITERATURE REVIEW OF PCR DEVICES 

 

2.1. Introduction 

Kari Mullis invented the polymerase chain reaction (PCR) 30 years ago, since then it has gain 

great importance in the field of molecular biology as it allows exponentially amplification of 

deoxyribonucleic acid (DNA) [18]. With only a few PCR cycles, millions of copies can be 

generated of DNA using only a single molecule. A PCR cycle consists of three basic steps, 

denaturation, annealing and extension. In the denaturation stage (~ 95 ° C), the DNA with double 

strands also called denaturants are converted into two single chains. Thereafter, the temperature 

is reduced prior to the annealing (~ 56 ° C). The primers, which are short complementary DNA 

sequences, can be attached to the single strand target DNA. 

Polymerase are mostly derived from thermophilic organisms like the Thermos aquatics [19]. In 

order to enhance the Polymerase activity, the temperature of the extension step increases, up to 72 

° C. Activity is received by polymerase for making a second DNA complementary strand using 

the nucleotides synthesized from solution. This is the reason that the concentration of double-

stranded DNA rises exponential by repeating three stages for temperature. This procedure has also 

been applied to the PCRs having reverse transcription [20]. 

For a ribonucleic acid (RNA) molecule, a transcription step are carried out in reversed direction 

for obtaining the DNA complementary to RNA chain prior to PCR. PCR are modified further by 

introducing fluorescent dyes into the mixture, which helps us to monitor the real progress with 

[21]. DNA copies are obtained from reaction mixture of extension method using standard curves. 

This method is known as real-time quantitative PCR (qrt-PCR). Now a days PCR is being used in 

several fields like, Diagnosis and medicine, agricultural sciences, and food science [22-25]. There 

are some influential properties associated with the microfluidic devoices that includes the low 

thermal inertia, fast heat transfer rates and low thermal mass. These properties present in the 

microfluidic devices are advantageous many ways as compared to the macroscopic devices. 

Operations in the system become economical due to reagent consumption and reduction in sample 
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by virtue of small volumes. But volumes in many cases are yet large for the application of bulk 

kinetics. Additionally different functions can also be integrated in these microfluidic devices easily 

[26]. Mass transport due to diffusion and heat conduction change with the characteristic length of 

the system. But in the macroscopic systems above mentioned processes are slow for efficient 

transport of mass. Convective heat and mass transport are difficult to control in macroscopic 

devices. Heat conduction and mass diffusion effects are easier to control in the microfluidic 

devices. Hence processes are controlled in a better way in the microfluidic devices as compared 

to the macroscopic. High surface to volume ration can be achieved by reducing the size of device. 

In this way a large area is available for heat and mass transfer. PCR devices involve many cooling 

and heating processes and time required for analysis can be reduced greatly by miniaturization 

[27, 28]. Very first flow through PCR was shown by Kopp et.al [29] in 1998. In a microfluidic 

channel a sample was flown repeatedly and there were three different zones of temperature for 

PCR. A sample of 10 ml performed 20 cycles of PCR in the span of 90 seconds. A number of 

applications of PCR in the microfluidic devices are described in the [30, 31].  Because of the low 

sample and power consumption these PCR devices are of great for point of care applications. If 

the sample preparation process for PCR and the process of detection is performed in a same 

microfluidic device. It will reduce the handling time and will prevent the possibility of sample 

contamination. This research discusses several designs of PCR in microfluidic device from past 

few years, First of all the basic PCR microfluidic devices are introduced and then their counterpart 

like time domain PCR microfluidic devices, these are followed by the , (Table 1) shows the  

amplification of isothermal nucleic acid and digital PCR in microfluidic devices . 

2.2. Space Domain PCR 

If the sample moves in a micro channel at various temperatures corresponding to its length, the 

temperature will depend on the position it has acquired with in the channel. Therefore, these 

devices are known as space domain PCR device. Preparation of the sample can be easily 

incorporated into the microfluidic device. Duration for the PCR thermal steps and the number of 

cycles are dictated by the design of microfluidic. The working of the PCR devices depends on the 

sample movement along the channel. 
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Table 2.1: Varies type of PCR devices in literature 

 
 Space domain  Serpentine channel designs  Disposable polyimide chip          34 

30 cycles of PCR 

CNC fabricated polycarbonate device      35 

30 cycles of PCR 

Steel capillary coated with NOA61       36 

Reducing back pressure 

Metal–polymer composite material       37 

Improved temperature stability 

Replacing active pumps with capillary forces      38 

Model of capillary forces in channel for PCR 

Reducing the number of heaters        39 

Central heater, edges of chip cooled by heat pipes 

Reducing the number of heaters 3D device              40 

heated at the bottom  

 

Radial designs    Radial design          41 

Central heater, edges actively cooled 

Radial design                   42, 43 

Heated by focusing sunlight on center of device 

Capillary wrapped around cylinder       44 

Cylinder with different temperature zones 

Centrifugal microfluidic device        45 

Mounted on dual shaft centrifuge   

 

Digital and oscillating  Oscillating droplet         46 

Designs    Four parallel channels for multiplexing 

Oscillating droplet         47 

Nested PCR to increase specificity 

Digital microfluidic device        48 

Droplet moved between temperature zones 

Digital microfluidic device        49 

Digital microfluidic device        50 

 

Heating/cooling systems  Capillaries in water bath         51 

Forced convection inside capillaries 

Sample moved between water baths  

using servo motor        52, 53 

 

Time domain  Heating/cooling systems  Infrared heating through tungsten lamp                54, 55 

PCR      Fan for active cooling 

Infrared laser for heating        56 

Silicon heating chip                              57, 58 

Portable real-time PCR device 

Silicon heating chip         59 

Melting curve analysis, multiplexing 

Sample chamber on top of heat exchanger    60, 61 

Heating and cooling through medium 

Method Design & System   Approach Ref.  
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Silica capillaries with thin film heaters         62 

Cooling by fan 

Capillary with bypass channel          63 

Heating and cooling by Peltier elements 

 

Integrated devices   Lysis and PCR in same chamber         64  

Removal of inhibitors through diffusion 

Chemical lysis followed by DNA extraction  

with magnetic particles           65 

Retention of DNA on silica gel membrane        66 

Release by master mix and amplification 

FTA membrane at entrance of amplification  

chamber retaining DNA          67 

Dielectrophoresis to capture pathogens on slip chip   68 

Followed by washing and PCR 

Separation of amplicons by CE after PCR     69, 70 

PCR in amplification chamber connected to CE          71 

Real-time detection of amplicons 

 

Centrifugal microfluidic  Centrifugal device with chambers           72, 73 

                             designs   Counting of bacteria through Poisson distribution 

PCR centrifugal device        74, 75 

Ice-valves next to PCR chamber 

centrifugal device subdividing sample                  76, 77 

Positive, negative control, and internal standards 

lab Disc device with vapor diffusion barrier       78 

Preventing bubble formation in amplification  

chamber during PCR Lab Disc device including  

sample preparation                79 

 

Arrays    Printed array of sample droplets in oil          80 

Dispensing of single cells onto hydrophilic spots  

for PCR              81 

Compartmentalization of sample by  

centrifugal device                82 

Detection of amplicons by printed DNA probe array 

 

  Single cell devices   Printing of single cells into individual  

reaction volumes             83 

Trapping of single cells followed by lysis and  

RNA extraction             84 

Encapsulation of single cells into droplets             85 

Droplet sorting to recover genome of target species 

PDMS valve to create 96 × 96 array  

of single cells           86, 87 

300 cell traps separated by valves             88 

 

Method Design & System   Approach Ref.  
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Isothermal  Implementation of LAMP Continuous flow LAMP in droplets for DNA  

Nucleic acid  on microfluidic devices  and microRNA       89, 90 

Amplification     Multiplexed LAMP in device with 8 amplification    91 

LAMP in agarose beads           92 

Extraction of RNA using magnetic beads  

followed by reverse transcription LAMP        93 

Centrifugal device with real-time detection  

of LAMP reaction           94 

Centrifugal device for multiplexed detection  

of 10 different species by LAMP         95 

Centrifugal LAMP device including sample  

preparation and detection of products         96 

 

LAMP for point-of-care  LAMP in capillary heated by two pocket warmers  

devices    for portable format            97 

Disposable polycarbonate cassette for LAMP         98 

LAMP followed by electrochemical detection         99 

Ten reaction chambers with different primers  

for multiplexed LAMP, detection by naked eye        100 

 

Digital PCR  Multiplexed digital PCR  Duplexed digital PCR in device containing  

38 panels each with 770 partitions         101 

Duplex digital PCR in droplets utilizing TaqMan- 

-probes with different emission wavelength          102, 103 

 

Various designs   Cross-junction to generate water in oil emulsions for  

droplet digital PCR         104 

Creating sample array through PDMS membrane    105 

Megapixel digital PCR device                      106,107, 108 

Creating droplets at T-junction      109 

Creating sample array with negative pressure  

vapor proof-layer to stop sample evaporation      110 

Digital PCR in agarose beads       111 

Digital PCR to count nanoparticles tagged with DNA 112 

 

  Integrated systems   Centrifugal device dividing samples into reaction  

volumes            113 

Centrifugal device using step emulsification  

for creating droplets               114–116 

Device combining sample preparation and  

digital PCR                117, 118 

Slip chip for digital PCR              119–120 

 

Commercial  Integrated devices  Centrifugal system with sample preparation  

PCR devices     and detection            121 
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Automated systems including sample preparation, 

amplification and detection using prefilled  

reagent strips or blister-films              122–123 

Integrated, automated systems utilizing cartridges 

 127, 128 

Microfluidic silicon chip, with hybridization array 

 for detection          124 

  

Digital PCR devices   Based on an array of chambers        125 

Droplet based                 126, 127 

Integrated fluidic circuits for sample portioning      128 

2.3. Time Domain PCR 

In these devices, the temperature is changed while the samples remain stationary. The temperature 

of the sample depends on the climate; consequently it is called a time-domain PCR device. Since 

the temperature profile does not depend on designing of the channel, it is possible to modify the 

thermal cycle of the PCR by modifying the Heating and cooling procedures of the device. Since 

sample is stationary, no pumps are required. A drawback of this mode is that the devices cannot 

be operated continuously by limiting the sample flow. 

2.3.1   Various methods for heating and cooling 
Various heating and cooling methods. Devices in the time domain depend on an adequate 

temperature gradient in a stationary sample so in order to insure active heating and cooling of the 

sample more sophisticated systems are required than most ordinary PCR devices. Various new 

techniques for rapid cooling and heat control are being considered. A common option for heating 

is by using infrared light, as it heats the system without the steps of conduction or convection. In 

one method a tungsten lamp is used for infrared heating and a fan to ensure forced convection for 

cooling, Rates of heating and cooling obtained using this method are 10 o C/s [32]. Two distinct 

lasers with their own unique frequencies were used for the excitation of the two dyes, Eva Green 

and ROX. Photomultiplier tube (PMT) was used for collecting the emissions that were 

demodulated by frequency analysis. Pak et al. used an infrared laser at 1450 nm to heat a 1.4 μl 

sample into a microfluidic chamber [33]. Heating speeds of up to 60 ° C /s could be achieved with 

a laser instead of a tungsten lamp. The microfluidic devices that are small in size enable fast 

heating. The photo thermal conversion of Plasmon was employed in one case by exposing a thin 

layer of gold in the microfluidic chamber for PCR along with the LEDs [34]. If photon-electron-

Method Design & System   Approach Ref.  
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phonon coupling is performed using the membrane made of hold then the heated solution can be 

obtained in three minutes at heating rates of 79 ° C /s. In another example, small heated masses 

are used to place sample droplets (about 200 μl) on a hydrophobic glass and covered with the 

droplets of small mineral to prevent evaporative silicone device [35] with heating resistors from 

gold and temperature sensors parallel to four samples to warm up. In combination with the unit 

for optical detection along with an external power supply of 12 V, the system forms a real-time 

portable PCR device. Low temperature gradients along with the rapid heating rate were used to 

study the reason that yields fast melting in each cycle of PCR [36], Results revealed that both the 

targets could be amplified and quantitated at the same time using an intercalating dye. Active 

cooling and heating is obtained by placing the sample chamber above the heat exchanger. During 

cooling, the hot fluid initially present is replaced by a valve of a refrigerant. Wheeler et al. used 

water as a fluid that passes from a porous matrix which works as a heat exchanger device [37]. A 

5 micro liter sample could be cooled and heated at a rate of up to 45 ° C/s, giving reaction times 

of up to 45 ° C means less than 1 minutes per 10 cycles. 

Another approach that uses a propylene glycol and water mixture which flows in a second chamber 

above the 25 micro liter sample chamber [38]. After the reinforcement, an analysis of the melting 

curve was carried out by creating a temperature difference to the cooling fluid in the tank. The 

capillary tubes were also used to perform PCR in the time domain. Sandburg et al. [40] nL placed 

PCR samples in fused silica capillary out of the eight tubes [39]. Active cooling is achieved with 

the help of the fan that can achieve the 50 ° C/s heating rate and 20 ° C/s cooling rate, It takes 

more than 12 min for a complete PCR, after that the flow can be processed further and samples 

can be extracted. Another approach has prepared a sample of 14 micro liter in the chamber having 

vent channel [40]. Chamber fills continuously as the resistance to flow is increased which also 

causes the sample to flows into the capillary bypass.  

Heating and cooling has effectively done the utilization of two Peltier components on both sides 

of the sample chamber. The distinctive techniques of heating and cooling have diverse properties. 

While some offers rapid rates of cooling and heating, some have higher precision and can deal 

with bigger example volumes. The determination of the heating technique must compare to the 

applications and necessities. 
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2.3.2 Approaches to PCR 
In different PCR approaches for time domain PCR, the sample solution remains stationary, 

and the motion of the preliminaries can by stopped by combining to a surface. This permits the 

combining of PCR with the Microarray technology [41]. The authors carried out the nested PCR 

settled in a microfluidic chamber. When the PCR was complete, a nested PCR was performed 

with a portion of the primers attached covalently to the surface of glass. The glass surface was 

washed after the complete reaction has taken place and then filled with an intercalating dye which 

is a form of aqueous solution. Avian flu RNA could be recognized using the pattern of 

fluorescence signs, optically encoded, hydrophilic porous polyethylene glycol micro particles 

were used by Jung et al. to make the forward primers stationary for different micro RNAs. The 

fluorescence signal was demultiplexed by separating the code on the molecule, which would 

prompt the parallel evaluation of a few microRNAs. Qin et al. has built up a NOA81 [42] 

microfluidic device. The gadget comprised of a microfluidic chamber which conquered a Peltier 

component for heating and cooling. Since NOA81 hinders the PCR response, the creators have 

secured the device using the bovine serum albumin to avoid assimilation of the DNA polymerase 

amid the response.  

Figure 2.1: Various Time domain PCR devices. 
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(A) This device can perform PCR on blood samples taken from the whole body. Microfluidic 

valves are placed along with the PCR chamber for pumping action. After the samples have been 

amplified the targets are separated by the process of capillary electrophoresis performed on the 

same device. 

 (B) It shows a bright image of droplets on the left side and on the right side, it is an amplified 

representation of those droplets with the help of an infrared laser .This technique allows the 

application of unique temperature profiles to every individual droplet and also can reduce the 

testing to the selected droplets only.  

(C) It shows a bright field image that includes the particles barcoded with the hydrogel, these 

particles are attached with the primers for various microRNAs which are bounded to them in 

microfluidic PCR device  

(D) Various types of a centrifugal microfluidic device for nested PCR are shown on the left. The 

assembled centrifugal device for a commercial thermos cycler is illustrated on the right  

(E) It shows the device used for the analysis of individual cells using reverse qrt PCR (a–c). 

Individual cells are confined in cell traps (e) prior to the washing and cell lysis step (d–f). Samples 

are made to flow into a reverse transcription chamber with the help of active valves (g and h). At 

last qtr. PCR is performed in a chamber (i) 

2.3.3 Integrated devices 
Some of the applications are focused on heating strategies or adjustments of the PCR 

procedure, several publications were focused on combining the, time domain PCR, preparation of 

the sample and post-PCR investigation. Ma et al. carried out a lysis venture in a chamber 

associated with two horizontal chambers [43]. When all the cells have been lysed the lysis buffer 

was replaced due to diffusion from the chamber walls using a PCR solution. Designers also took 

the advantage of difference in diffusivity between the PCR inhibitors and the long DNA strands 

of the solution in the same step. Thermolysis was performed in the chamber to separate DNA from 

Helicobacter pylori by combining them with magnetic particles. The magnetic particles stayed in 

the chamber for a few washes and consequent filling the chamber with the ace PCR blend [45].  

After PCR, effective enhancement was affirmed by employing fluorescence measuring techniques 
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that utilizes the green interpolation color SYBR I. The DNA was separated with the help of 

magnetic beads prior to the discharging of into a microfluidic amplification chamber [46]. After 

enhancement, they were investigated. The objectives are utilized by capillary electrophoresis in a 

similar instrument. Membranes can likewise be utilized to separate DNA from a cell lysate. The 

human blood lysate was prepared utilizing a commercial item before the lysate was brought into 

a microfluidic device [47]. Silica gel was used to extricated DNA from the lysate .DNA is 

exchanged to another chamber for PCR. The continuous recognition empowered the extraction of 

amplification curves for evaluation, the analysis of the fusion curve was carried out. A coordinated 

layer was utilized at the passageway of the PCR assembly of a microfluidic device for extracting 

DNA [48]. 

Once the lysis is complete the DNA is held in the membrane where it is washed and dried prior to 

filling the chamber with master PCR blend discharging the held DNA. DNA was obtained from 

saliva using an aluminum oxide membrane samples in a microfluidic device. Samples are 

introduced in the device were they flow across the membrane, a short time later response blend 

was poured in to wells, where the PCR was performed. Di-electrophoresis was utilized to catch 

blood pathogens from slip chip having individual groves [50]. After separating the pathogens, a 

washing step was carried out using water to expel PCR inhibitors. In the feed channel slits were 

separated from the channel and heating was used to lyse the cells. The slide chip comprised of 

four parallel channels for sample preparation, taking into consideration the parallel discovery of 

four distinct pathogens.  

Electrophoresis is the movement of charged particles with respect to a liquid brought about by an 

electric field. Velocities of the particles are dependent on net flux and size of the particles, which 

can also be used for the separation of particles. In this manner, electrophoresis is regularly utilized 

for post intensification investigation as plate gel electrophoresis. Scaling down of piece gel 

electrophoresis is frequently performed with the help of capillary electrophoresis (CE) which can 

accomplish higher detachment execution because of the higher surface area to volume ratio that 

neutralize the heating process of  Joules. As capillary electrophoresis is an effective strategy for 

post intensification analysis, different coordinated time domain PCR devices are created. Le 

Rouxet al. utilized the heating from an infrared laser to perform PCR [51]. Samples that needed 

to be amplified were injected with microfluidic device, and the amplicons were segregated on the 
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basis of their length. Such combination strategy was utilized to evaluate short tandem repeats. 

Manage et al. utilized a capillary electrophoresis microfluidic device after intensification to isolate 

and distinguish amplicons [52]. As beginning PCR from entire blood for this situation, the CE 

detachment step is important to perform discovery of fluorescence after the enhancement 

response. This methodology has an advantage that intercalating dyes can be utilized and targets 

can be distinguished by length. Including the valve pump to the device eliminates the requirement 

for a pump from an external source, a variant, intersecting PCR was combined to a PCR chamber 

along with the set of CE channels [53]. After every cycle of PCR, a sample could be extracted 

from the chamber for further analysis using CE. This causes the real-time detection of PCR and 

also their numbering. Separation can be done in each detection step, and this device can monitor 

various amplification procedures in parallel along with the usage of a single intercalating dye. 

2.3.4 Centrifugal microfluidic devices 
  In Centrifugal microfluidics, the centrifugal force and Coriolis Effect is used to spread 

the liquid in the radial directions. Because of their size, the design of the microfluidic devices is 

in the form of (CDs) Accessibility of a centrifugal microfluidic device based on CD, which can 

be a potential possibility for purpose of-care applications. A silicone/glass sandwich plate with 24 

channels and 313 Micro Caminos with volumes of 1.5 nl were utilized to tally Salmonella enterica 

[54]. Solution composed of cells was placed in the input port and was dispersed using the radial 

force of micro cameras, which prompts a dispersion of Poisson microbes in the micro wells. PCR 

was started by thermal cycling through the disc. After the PCR, the amplified micro wells were 

counted to get the initial number of cells. 

 A device similar to this was utilized for reverse transcription of PCR [55].  The immediate reverse 

transcription of RNA was conceivable using a strong polymerase of DNA that is resistant to 

reticence. The placement of ice valves next with the PCR chamber allowed the other device 

materials to be used as well, for example, polycarbonate [56]. The liquid was solidified beside the 

chamber for PCR that forms a plug sealing causing the chamber to prevent evaporation of the 

sample. The "Lab Disk" format was developed at the Freiburg University located in Germany 

which offers various diverse capacities incorporated into a single disc, from test planning to 

examination after amplification 

.The Lab disc comprises of four units, which demonstrates that allows the sample to be subdivided 

into eight halfway volumes (2D) [57, 58]. The dried reagents for the PCR response are discharged 
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from the samples in the chambers. The thermo cycling happens in a business thermos cycler. This 

was then changed to permit positive control without layout control or standards [59]. Changes 

have been made without trading off the capacity of the plate to fit in with a commercial thermos 

cycler, and without including the Pipetting steps. This technique was later used for the forensic 

identification of animal family [60]. It was also modified further to make the design compatible 

with the “Lab Disk Player”, a barrier was added to limit the vapor diffusion and pressure in the 

system that may rise due to the  boiling of the PCR solution,  

a vapor dissemination boundary was added to the framework to restrain the pressure in the 

framework, which can emerge due to the boiling of PCR solution [61]. 

 The barrier was created for vapor diffusion by including a pressure chamber filled with air closer 

to the rotation center as compared to the PCR chamber. In the event of gas arrangement in the 

PCR chamber, the pressure is noted from the chamber, thus anticipating undesired pumping action 

of the solution. This "Lab Disk" was stretched out with DNA extraction capacities, permitting the 

necessary steps for the preparation to be carried out by the device. DNA extraction and washing, 

multiplexed PCR and discovery.it enables the process to be carried out with minimum handling 

costs. The advancement of the centrifugal devices is especially intriguing as they provide 

integrated devices with few handling steps. 

2.3.5 Arrays 
The samples are made stationary in space domain of the PCR device, the samples can be 

encoded at their respective spatial position within the arrays for various applications. Samples are 

imprinted in a water-oil emulsion in a Petri dish with test volumes in the scope of Nano liters [63]. 

The sample arrays was set up by contact printing method with the help of standard pipette tips. 

Infrared laser are used to heat the individual droplets, the cooling is achieved by the surrounding 

oil. In another method, a solution containing cells was circulated by a pipetting robot on a surface 

with hydrophilic spots [64]. The drops were immersed in mineral oil to prevent evaporation. The 

cells caught in droplets were lysed prior to adding of the reagents for reversed transaction of the 

pipetting robot. Xu et al conducted PCR in a device that was partitioned with the help of 

centrifugal device [65]. Targets are identified after the amplification process with the help of an 

array having probes of DNA printed for distinct targets on aldehyde-modified glass slides. 
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2.3.6 Single Cell devices 
Several diseases are caused due to few abnormal cells. The microfluidics offers extraordinary 

potential outcomes to tackle this issue in light of the fact that the cells can be further divided into 

little volumes. The microfluidic devices combines the isolated cells with the PCR to examine the 

individual cells. The individual cells were printed in commercially available PCR tubes [66]. A 

Vacuum seal combined with the microfluidic inkjet technique was to ensure the distribution of 

cells containing droplets in the tubes. In another approach, the individual cells in a cell were 

detected through the cell trapping unit [67]. A chemical lysis step was performed and the RNA 

was captured by oligoĲd T) magnetic beads. After the beads were placed in a chamber for PCR, 

a transcription PCR was reversed. The effects of methyl methane sulfonate on a single human 

cancer cell could be tested. Lim et al. Cells encapsulated in individual droplets [68].  The droplets 

were gathered in a vial and PCR was performed in a benchtop PCR using Taq Man tests. The 

droplets were introduced into a droplet classifier where the drops showing the positive 

amplification were separated for the recovery of complete genome of the cells .The cells can also 

be isolated by pneumatic valves in microfluidic devices. The cells can likewise be detached by 

pneumatic valves in microfluidic frameworks. The framework takes into account the simultaneous 

capture and transcription by PCR in a 96x96 [69, 70] system. Another valve-based structure had 

300 cell traps in chambers isolated by valves81. The reverse transcription chamber can be 

employed for chemical lysis of cells when a “one pot” reverse transcription PCR was carried out 

in the PCR chamber.  

2.4. Problem Statement  

After studying the number of research articles about space domain microfluidic devices 

and time domain PCR devices, the most research article deal very small amount of fluid sample 

up to 20 microliter. The main focus of this thesis to design a sample block for 50 microliter fluid 

sample, and the other main concern of this research to design sample bock with lowest possible 

mass therefore it give quick response of temperature.  

The focus of this thesis to make a design of sample block for 50 µl and then investigate the thermal 

response of sample block. During analysis they also investigated the effect of mass on temperature 

response and energy consumption. 
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The specific objectives of this thesis are outlined as follow:  

i. To determine the effect of Sample Block mass on supplied energy.  

ii. To investigate the effect of mass on temperature response of device. 

iii. To  determine  whether  50 µl Sample Block  device  will  be  able  to  resolve  the  

longstanding problem of thermal cross-talk.  

iv. To investigate the species transport in Peltier heating PCR device for a better 

understanding of kinetic mechanisms.  

2.4.1. Advantages of Static Chamber Microfluidic Device over other 
technologies    

The advantages of employing miniaturize static chamber PCR are as follow:  

i. Low wear and tear because no moving component in this proposed device. 

ii. Very high heating and cooling rate by using Peltier heating & cooling element. 

iii. Less bulky device.  

iv. Quick response and energy efficient design by mass optimization   

v. Device portability and accessibility.  

vi. Simplify overall reaction 

vii. Cost effective mass production of miniaturize PCR. 

viii. Easy manufacturing of Sample Block with just CNC and EDM wire cut. 

ix. Work for large sample size as compare to available in research  
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CHAPTER 3 

DESIGN OF POC (POINT OF CARE) DEVICE 

3.1.  Design of Sample Block  

The different style of PCR devices are available in market. SC-PCR device presented in 

this study have number of parts, such as (a) Aluminum Sample block (b) Polyethylene tube (c) 

Peltier heating/ cooling device (d) Heat sink.  

 

 

Figure 9.1: PCR Device 
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Here main purpose of design is to minimize the mass of device therefore its required 

minimum energy to get required temperature.  The current device is feasible for 50+ microliter 

sample as shown in below.  

The present design of sample block is suitably rigid in construction to provide flat solid 

base for secure contact with thermoelectric modules and effective heat transfer. The heat 

conducting sample block with high thermal conductivity, low heat capacity and good mechanical 

strength.  As the mass of blocked is reduced the speed of heating and cooling of block is 

maximized. Its 48 well sample block and polyethylene tubes are used for DNA sample which fit 

inside the wells of block. The number of blind holes done from top surface of block and taper slots 

on side of block to achieve minimum mass. The elliptical slots are made parallel to top and bottom 

surface of sample block. The sample block provide the maximum contact surface area to the 

sample plate (disposal plate in some time), as the contact surface area increase the heat transfer 

increase and reduce the time of test. The center to center distance of sample tube holes is 6 mm. 

the current design of sample block have 48 (6×8) well and each well have capacity 50 microliter. 

The height of sample block is 14 mm.  

Figure 3.2: Aluminum well type Sample Block 
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The sample block good to make in one piece construction, its mean the block is 

manufacture by molding or machining in single piece rather than by joining the sheets. The sample 

block is rigid and prefer to make by material which have high thermal conductivity and stiffness 

properties. The suited material for the sample block is copper, silver, iron, magnesium and 

aluminum and other alloy, but in this study for thermal analysis of sample block aluminum 

material is used. The sample block have rectangular array of wells, the wells evenly spaced.  

3.2. Design of Polyethylene Tubes  

The tubes are designed for 1 to 50 microliter liquid DNA solution in volume. Here it is desirable 

to minimize the temperature differential with the volume of an individual sample during thermal 

cycling process. The temperature uniformity effected as the liquid sample increase, and required 

more time to attain the required temperature. The tube generally thin section which have thickness 

0.5 to 0.75 mm, because it’s plastic material which have very low thermal conductivity. The tubes 

are made in taper therefore make good contact with aluminum block wall by applying force on 

top and transfer maximum heat. The tubes are arranged in 6 by 8 matrix as well block. Here can 

be use single tube.  

 

Figure 3.3: Tubes 



37 
 

 

3.3. Design of Thermal Electric Module (Peltier)  

There are different way to get required temperature of block, but for DNA amplification required 

cyclic temperature in which need to increase and decrease temperature so here need such device 

which can produce both effect to reduce the cycle time. For this purpose the thermoelectric (TE) 

device used in this model. The n-type semiconductor and p-type semiconductor are heavily doped 

with electrical carriers which used in thermoelectric module. The elements are arranged in such 

way these are connected series electrically but thermally in parallel pattern as shown in figure.  

 

 

 

 

 

 

Figure 3.4: Solidwork Thermo Electric Module model and its features 

The thermoelectric module is solid state heat pump that on that work Peltier effect (cooling effect 

is generated as the electric current pass through junction of two dissimilar material, and when 
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changing the direction of current it’s generate the heating effect). The Peltier is consist of couples 

of these type of junctions. The TE element which used in this research have 70 couples. The 

specification of cyclic thermoelectric module get from Marlow product specification data 

catalogue.  

There are some advantage to select the Thermo Electric Module (Peltier) for heating and cooling 

purpose in following study. 

No Moving Parts: A thermoelectric module works without making use of any moving parts. It 

works electrically. This is why they do not require any maintenance. 

Small Size and Weight: As compared to mechanical system, the thermoelectric cooling system 

is far more efficient, small and light in weight. It is also very compatible and has a lot of variety. 

It comes in a lot of sizes and configurations. So, there are almost zero non-compliance issues to 

meet application requirements 

Ability to Cool below Ambient: When a TE cooler is attached with a heat sink, it works wonders. 

It has remarkable capacity to reduce temperature quite effectively. Whereas, a conventional heat 

sink alone takes a lot of time to cool down. 

Ability to Heat and Cool with the same module: The cooling or heating effect of a thermoelectric 

depends on polarity of applied DC source. This enables us to eliminate extra heating and cooling 

units. 

Precise Temperature Control: In a temperature controlled closed-loop circuit, TEs are best. TE 

coolers can control temperatures upto +/- 0.1°C 

High Reliability: Thermoelectric modules are very reliable. Their reliability is mainly because of 

solid state build quality. Reliability is a subjective topic and it is also application dependent on 

application but typical life of TE cooler is more than 200000 hours. 

Electrically “Quiet” Operation: TE modules are very much noise proof. They create almost no 

electrical noise and can be used in combination with sensitive sensors. This is quite the opposite 

for mechanical refrigeration systems. 
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Operation in any Orientation: TEs are very popular in many aerospace environments because 

they can be used in any orientation. They can also be used in zero gravity environments. 

Convenient Power Supply: TE modules can be used directly from a DC power supply. Variety 

of modules with varying ranges of voltages and currents are available. Pulse width modulation 

(PWM) may be used in many applications. 

Spot Cooling: TE cooler allows us to cool down a specific area or component. This way excessive 

loss of usage is avoided to cool down an entire package or enclosure. 
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CHAPTER 4 

SIMULATION SETUP AND NUMERICAL METHODOLOGY 

 

The first step of designing a TE heating and cooling system incorporates in depth study of thermal 

parameters of a system. To ensure an efficient and effective design, this in depth analysis must 

never be avoided no matter how simple or complex this is for some applications. The mathematical 

models of heat transfer, thermoelectric module and PCR amplification are also discussed below: 

4.1. Heat Transfer model 

Let here consider material is isotropic with temperature dependent heat transfer 

The general heat equation is  

yx z
qq q T

Q c
x y z t
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Here , ,x y zq q q  is heat flow through the unit area 

( , , , )Q Q x y z t   Heat generation rate per unit volume  

   Material density  

c   Heat capacity  

T   Temperature  

The heat flux from Fourier law of heat transfer  
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So general heat equation become as  
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Following type of boundary conditions are applied in this research  

i. Specified temperature  

          T  = T(x , y, z, t ) s           (4) 

ii. Heat flux boundary conditions  

x x y y z z sq n q n q n q             (5) 

iii. Convection boundary condition  

( )x x y y z z s eq n q n q n h T T           (6) 

Here the convection coefficient is calculated as  

T  =Difference between PCR and atmospheric temperature  

  = Coefficient of Thermal Expansion  

v  = Kinematics viscosity  

max 95 273.1 368T K     

min 55 273.1 328.1T K     

328 368
348

2
avgT K


             𝑇𝑎𝑚𝑏 = 25𝐶0 = 25 + 273.1 = 398.1𝐾        

𝑇𝑓𝑖𝑙𝑚 =
𝑇𝑎𝑣𝑔+𝑇∞

2
=

75+25

2
𝐶0 = 50𝐶0 = 50 + 273.1 = 323.1𝑘 

𝛽 =
1

𝑇𝑓𝑖𝑙𝑚
=

1

323.1
= 0.003095 

5 21.91 10 /v m s    At average temperature  

0.013L m   

Grashoff Number (Gr) 

3

2

( )sg T T L
Gr

v

 
            (7) 

𝐺𝑟 =
𝑔 ⋅ 𝛽 ⋅ 𝛥𝑇𝐿3

𝑣2
=
9.81 × 0.003095 × 50 × 0.0133

(1.91 × 10−5)2
= 9142.40
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After substituting values in above equation we get  

= 9142.4 

Prandtl Number (Pr) 

Air properties at atmospheric temperature and pressure given below  

31.1644 /kg m    

51.865 10 /kg m s      

22.638 10 / ok W m C     

1.00064 / o

pc kJ kg C    

5 3

2

1.8651 10 1.00064 10
Pr

2.638 10

pc

k

  



 
 


 =0.701      (8) 

Rayleigh Number (Ra) 

PrRa Gr              (9) 

The values of Rayleigh number by putting the Grashoff number and Prandtl number in above 

equation  

= 6408.86 

Nusselt Number (Nu) 

For vertical plate a correlation that may be applied over the entire range of Ra has been 

recommended by Churchill and Chu  and is of the form 

 

2

1
6

8
9 27

16

0.387
0.825

0.4921
Pr

Ra
Nu

 
 
 

  
  

  
  

        (10) 
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Substituting the value of Ra in the above formula  

We get, 

𝑁𝑢 =

{
 
 

 
 

0.825 +
0.387 · (6408.86)

1
6⁄

[1 + (0.492 0.7⁄ )
9
16⁄
]

8
27⁄

}
 
 

 
 
2

= {0.825 +
1.629

1.19409
}
2

= 4.793
 

4 0.015
0.06

2( ) 0.25
c

wL
L

w L
  


  

Convective heat transfer coefficient (h) 

𝑁𝑢 =
ℎ𝐿𝑐

𝐾

ℎ =
4.793×(0.0273)

0.06
= 2.18

𝑊

𝑚2𝑘

        (11) 

Coefficient of heat transfer of convection from sides and top is 2.18 2/ .kW m  and we considered 

the value of coefficient of heat transfer in this thesis 3. The radiation effect is neglected here. 

4.2. Thermoelectric Module Numerical modeling   

The mathematical model of thermoelectric module described here. The semiconductor material 

have many temperature dependent properties. Here algebraic expression are given to simulate the 

performance thermoelectric component.  

 

Figure 4.1:  Peltier  
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Figure 4.2:  Peltier Working and parts  

The governing equation of one dimensional transient heat transfer by applying an energy balance 

analysis for the P-type element. [12] 

22

2 2

pM

M M

CI RT I T T

x AK x A K K t

  
  

  
        (12) 

The boundary condition for transient P type element as follow  

0
c

M x c

M x L h

QT
K q

x A

T
K T

x






 








          (13) 
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And the steady state equation for the thermoelectric element as given below 

2( ) (0.5 ) ( ( )h m h m M h cQ n S T I I R K T T                 (14) 

2( ) (0.5 ) ( )c M c M MQ S T I I R K DT                 (15) 

The rate of work done by thermoelectric module is calculated by an Energy balance equation 

around the boundary  

n h cW Q Q              (16) 

By substituting above equations work done of thermoelectric module can be get as 

  2
n M MW S I DT I R              (17) 

Required input voltages are  

         in M MV S DT I R             (18) 

The maximum and operation value of Current is as  

0.5

2

max

1 1M
h h

M

M h
opera

M

S
I T T

R Z Z

S T
I

R

  
     

  



         (19) 

Here DT is temperature difference between hot and cold side  

  –  h cDT T T           (20) 

4.3. PCR kinematics  

The polymerized chain reaction (PCR) DNA amplification is very complex  process with handful 

of details are available for chemical reactions that are involved in three steps of PCR. The PCR 

kinetic model adopted in this study to formulate and estimate kinetic parameters is proposed by 
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Hunicke-Smith [129]. The chemistry model consists of five major chemical species which control 

the reactions in denaturation, annealing and extension zones. There are not many detail available 

of chemical reactions of 3 process of PCR DNA amplification  

Denaturation               1 2 1 2
D

D

K

K
S S S S



        (21) 

Annealing                   

1 2 1 2

2 1 2 1

A

A

A

A

K

K

K

K

S P S P

S P S P









 

 
       (22) 

Extension   
1 2 1 2

2 1 1 2

E

E

S P K S S

S P K S S




       (23) 

 The chemical reaction presented in equation (19) show the splitting of double strand DNA 

(dsDNA) S1S2 into single-stranded DNA (ssDNA) S1 and S2. In the annealing process the forward 

and reverse primers P1 and P2 bind on single stranded DNA to generate complexes of both in form 

of S1P2, P1S2. The fourth and fifth chemical reaction presented in extension presented to make 

new amplified DNA. These reaction show the amplification of DNA in form 2n. 

The concentration of these five chemical species change with time so the concentration rate 

equations given as  

        1
1 2 1 2 1 2 1

( )
D A D A

d S
K S S K S P K S S K S

dt

             (24) 

        2
1 2 2 1 1 2 2

( )
D A D A

d S
K S S K S P K S S K S

dt

            (25) 

     1 2
1 1 2 1 2

( )
D A E

d S P
K S K S P K S P

dt

           (26) 

     2 2
2 2 1 2 1

( )
D A E

d S P
K S K S P K S P

dt

           (27) 

       2 2
1 2 2 1 1 2 2 1

( )
E E D D

d S S
K S P K S P K S S K S P

dt

          (28) 
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The backward and forward reaction rate constant are temperature dependent. Theses reaction rate 

constants equation proposed by Hunicke-Smith [129] is as follow. 

361
1 tanh

5
( )

2

o

D

T
K

K T





   
  

           (29) 

( 348)
1 tanh

5
( )

2

o

D

T
K

K T





    
  

          

 (30) 

1

( 335.5)
1 tanh

5
( )

2
A

T
K

K T





    
  

          (31) 

1

339
1 tanh

5
( )

2
A

T
K

K T





   
  

           (32) 

 2
345

2 5
( ) exp T

EK T K              (33) 

Table:  4.1 Operational parameters of the species 

 

Here 1K 
, 1K 

, oK 
, oK 

 and 2K  in that order equal to 9 1 15 10 M s  , 4 110 s  , 112.5s , 9 1 110 M s 

and 10.32s , and the T is fluid sample temperature in oC . The constant parameters of reaction rate 

Species  Initial concentration (mole/m3) Diffusion coefficient (m2/s) 

S1S2 5.71E-12 1.0E-10 

S1P2 and S2P1 0 1.0E-10 

S1 and S2 0 1.0E-10 

P2 and P1 3.0E-7 1.0E-9 
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are basically depend upon temperature as shown in figure 4.3. The initial concentration, operation 

parameters and diffusion coefficient are given in table below. [130] 

4.4. Simulation setup  

Firstly the geometries of device are modeled in Solidwork 2018 and then the thermal analysis is 

done by using ANSYS transient thermal and steady state module. For analysis purpose firstly 

defined the materials and their properties as mentioned in above table. The temperature transient 

boundary condition is applied at base of device as it will work in real practice. As discussed in 

first chapter, there are three different temperature ranges (Denaturation 92-98 oC, Annealing 50-

60 oC, Extension 68-72 oC) are required for specific time interval for PCR process. For the 

convection boundary condition, heat transfer convective coefficient is calculated and applied at 

the side walls and all other surfaces which are exposed to air. The heat transfer by radiation at all 

external surfaces are neglected. The study domain consist at the alumimum Sample block, plastic 

tubes to carry the sample , fluid sample (water properties) and glass cap, it’s very large domain 

for calculation purpose. The density and dynamics viscosity of DNA sample is consider equal to 

water, and the density and dynamics viscosity is function of temperature from ANSYS fluid 

properties data Base. To reduce the computational cost the axis symmetric boundary is applied 

and get the one fourth domain. 

Figure 10.3: Effect of temperature variation on normalized reaction rate constants. 
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CHAPTER 5 

MODEL VALIDATION AND VERIFICATION 

5.1. Mesh Sensitivity Analysis   

Mesh sensitivity analysis is important while performing FEA transient thermal simulations. It tells 

about the authenticity and convergence of solution. Convergence of solutions depends upon the 

many factors i.e. correct boundary conditions and mesh independence. Correct number of 

elements and mesh type e.g. quadratic or hexagonal is also an important factor while performing 

the Ansys simulations.  Mesh of one fourth part of Static chamber PCR device is shown in below 

figure. Total elements taken for the mesh are 90862. These are the acceptable number of elements 

for the current calculations. To reduce the computational cost the axis symmetry in applied and 

got one forth part of device. All calculations are done on this one fourth part of device.  

 

Figure 5.1: Quadratic Element meshing for FEA analysis 
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Figure 5.2: Temperature response at probe 1 at different number of elements

  

Figure 5.3: Temperature response at probe 2 with different number of elements 
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For the current simulations we took three different mesh sizes and performed simulations. 

Size of elements are shown in the figure 5.3. We choose mesh of 90862 elements because further 

refinement in this mesh have no effect on the desired output and results.  

In the second step, mesh refinement of one-cycle computational model is performed to have good 

grid density quality. In one-cycle computational model, there are four domains: (i) aluminum 

Sample Block, (ii) polypropylenes tubes (iii) fluid domain and (iv) glass cap. By default meshes 

are generated with decreasing the mesh size and quadratic element order are used in this study. 

The one cycle is consisted at 45 second. The temperature boundary conditions are applied at the 

base of Sample Block. At the mesh size of 90862 elements error in the temperature profile is has 

become negligible and this temperature profile of this mesh size is suitable for our current 

calculations. Neumann boundary condition is applied at base of the sample block and the 

temperature response at two different point of domain is observed. The prob-1 at fluid domain and 

prob-2 at the glass cab of device. The temperature at prob-2 is low as compare to prob-1 because 

it’s at outside of device where convection boundary conditions is applied. 

5.2. Model Validation 

The simulation setup is validated with the one dimensional analytical calculations, which show 

the same numerical results. The Temperature boundary conditions applied at base of Sample Block 

and noted how the temperature change. The below figure show the boundary condition of 

simulation and analytical calculation. Here was three layers of material, first one is aluminum 

block, Polypropylene tube and water. 

For 1-D heat transfer analysis following equations are used for analytical solution. Differential 

equation for 1-D case is simply reduced to  

and the possible boundary conditions are  

on the free surface. And 1-D stiffness matrix is calculated through the following equation.  

 

 

2

2
0

d T
K Q

dx
 

( )
1 1 2 1 0 0

1 1 1 2 0 16

n KA hPL
k hA

L

       
        

      
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1 0 1 0 1

1 1 1 1 12 2 2

n hPLT qPL QAL
F hAT qA



          
              

          
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dT

K Ix h T T
dx

  
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In figure 5.4 a short part of PCR device is shown and following boundary conditions are applied. 

At the base a temperature of 95 degrees is applied and on periphery and top surface a convective 

boundary condition is applied with a convective heat transfer coeffiectint of value 5 w/m2-k.  While 

keeping ambient temperature 25 degrees. All these mentioned boundary conditions are applied to 

the original design for simulation purpose. Then we performed simulations using Ansys and 

compared the results with the analytical solution governed by the above given equations. A 

comparison of analytical and numerical values is shown below in the graph. Temperature profiles 

are almost same but with a small fluctuation at the end. This small fluctuation is caused may be 

due to the numerical schemes used in the Ansys to achieve convergence.  

Figure 5.4: The boundary condition for validation of simulation setup 



53 
 

 

  Figure 5.5: Results comparison of analytical and numerical study 

5.3. Boundary Conditions 

Following boundary conditions are applied to the design model. 

1) Temperature BC  

2) Convective BC 

3) Adiabatic BC 

4) Symmetric BC  

All these Boundary conditions are shown in the figure below.  
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Figure 5.11: Boundary Conditions of transient thermal analysis 

5.3.1. Thermal FEA to find thermal response of existing Technology 
To have a clear idea we modelled the Bio-Rad CFX and Static Chamber device for having thermal 

response data. Bio-Rad CFX is a popular machine with fast thermal cycling capability in a typical 

multiwall qPCR machine using tubes and Static chamber PCR device which is same style of 

device as Bio-Rad but it is designed for more sample volumes. In the present work we designed 

analyzed the transient thermal PCR sample block and compared it with raouf et.al [1] and observed 

that design of current device is better in some ways than the device mentioned in [1].  

First we list key properties of materials which we will encounter in design and modelling 

Table 5.1: Thermal Properties of Selected Materials 
Material Thermal 

conductivity 

W/mK 

Specific Heat 

J /kg.°C 

Thermal diffusivity 
m2/2 

Co-efficient of 

thermal 

expansion 

10-6 m/mK. 

Specific 

Gravity 

Water  0.61  4182  0.143 × 10−6  NA  1  

Aluminum  205  897  8.418 × 10−5  22.2  2.72  

Copper  401  385  1.11 × 10−4  16.6  8.79  

COP 1420  0.15  1500  0.0986 x 10-6  70  1.014  

Polycarbonate  0.19  1170 - 1250  0.144 × 10−6  70.2  1.2-1.22  

Polypropylene  0.1-0.22  1920  0.096 × 10−6  100 - 200  0.946  
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Table 5.2: Comparison of Thermal Properties 

A Comparison of properties is given in Table 5.2. All materials are compared to Water except for 

coefficient of thermal expansion which is compared to Aluminum.  

5.3.2. Bio-Rad CFX and Current study  
The Bio-Rad low profile PCR simulation results are taken from the Raouf et.al [1]. The following 

procedure was adapted to get the required answers in current study after that the results are 

compared with Bio-Rad low profile PCR results.  

1. The simulation is transient thermal only. We don’t consider any material dimensional 

change.  

2. Boundary Conditions:  The base of the sample block were given the temperature 

boundary conditions. The plastic tube is in the Aluminum Sample block and thus we 

assume there is no air gap between the Sample block and the tube which is the best 

possible case. We also assume that the thermal block temperature at every position is 

equal at the boundary of the block. It is also assumed that thermal block thermal mass 

is much bigger than the PCR tube and we model the boundary as a constant 

temperature assuming that any amount of heat can be provided.  

3. As the reaction occurs in a closed space, we considered very small convection 

coefficient from top of liquid to the surroundings and from the inner through, blind 

holes of Sample block as we calculated in previous chapter. However rouf et.al [1] 

did not considered this heat transfer convection effects. That was a valid assumption 

Material  Ratio of  

Thermal 

conductivity  

(k)  

Ratio of 

Specific 

Heat  

Ratio of 

Thermal 

diffusivity  
  

Co-efficient 

of thermal  

expansion  

All vs  

Aluminum  

Specific 

Gravity  

Aluminum  336  0.21449  588.6  1  2.72  

Copper  657  0.092061  776.223  0.747  8.79  

COP 1420  0.245  0.358  0.6895  3.153  1.014  

Polycarbonate  0.311475  0.29890  1.00699  3.162  1.2-1.22  

Polypropylene  0.327  0.45911  0.67132  4.504-9  0.946  
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due to low thermal conductivity of the tube and presence of large air gap inside the 

tube between the liquid surface and the cap 

4. Natural convection of air from side walls of Sample block is very low and we 

considered the convection coefficient 3 Watt/m2-k. 

5. Natural convection is neglected inside the tube wall as well. Natural convection can 

speed up heat transfer.  

6. Heating simulation is conducted from 55 to 95 ° C. initially the system is assumed to 

at initial temperature of 55 ° C. this models the condition that the cycler has been at 

55 ° for a while so all elements reach 55 ° C. 

7. The base of Sample block is given a boundary condition of temperature jump from 55 

to 95 ° C. The temp is then held at 95 ° C. The speed of the system may be limited by 

ramp rate of the metal block but we are focusing on the liquid reservoir for 

comparison to other systems. 

8. For cooling simulation similar procedure is adapter with temperature jump from 95 to 

55 ° C.  

The CFX-Bio Rad results presented below from the Raouf et.al [1].  

Table 5.3: Time required to get uniform temperature fluid domain in plastic tubes  

Operation  Volume  Time for liquid to equilibrate  

Heating  25ul  ~20 seconds  

Heating  50ul  >13 seconds  

To find out the effect of plastic tube on the heat transfer performance, we change the material of 

the tube to Aluminum. Following results are obtained.  

Table 5.4: Time required to get uniform temperature fluid domain in Aluminum tubes  

Operation  Volume  Time for liquid to equilibrate  

Heating  25ul  ~12 seconds  

Heating  50ul  >23 seconds  
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The important point of Raouf et.al [1] are as follows. 

• The fluid in the tube takes considerable time to equilibrate even with metal walls. Thus 

this is not the optimum geometry if speed has to be increased.  

• The polymer wall makes heat transfer considerably slower. Changing walls to metal can 

save significant time.  

5.3.3. Results comparison of Bio-Rad CFX to current design  
 

In Above picture the comparison of temperature uniformity is given for the current study and CFX 

Bio-Rad model given in [1]. The fluid domain of current model have more uniform temperature 

Figure 5.13: Temperature uniformity contours of current study and Bio-Rad CFX [1] of fluid domain 

Figure 5.12: The temperature response of current research device and Bio-Rad CFX [1] 
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at 25 second. The temperature range of current study is 94.395 to 95 degree of fluid domain. 

Whenever the temperature range of [1] is 94.842 to 91.575 degrees.  

The above graph shows the relation between temperature and time and it is observed that 

temperature variation in the current study is better than the [1] as it approaches to maximum 

temperature of 95 degrees in short time interval.  
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CHAPTER 6 

RESULTS AND DISCUSSION 

As the problem statement, here required to design a PCR DNA amplification device for the 

sample size 50microliter. For this in current work, initially different three dimensional model of 

Sample block are designed in Solidwork as required sample fluid. After that the sample block 

analyze in Steady state and Transient thermal. The temperature boundary conditions are applied 

at the base of well type Sample block, without any tube and fluid sample. After that 

polypropylene tube are modeled for 50 microliter sample fluid. The one cycle of temperature 

boundary condition is applied for DNA amplification are required temperature of thermal cycle 

to amplification. 

6.1. Step to Design Sample Block  

First we made three different designs using solid works. Each design contains a cell having 

storage capacity of 50 ml for fluid sample. The all three design were analyzed by applying transient 

boundary condition at base to observe the temperature response at the top surface of sample block.  

All the boundary conditions and temperature response are presented below in figure 6.4. Figure 

6.1 to 6.3 show the contours of temperature of sample block. These contours show the variation 

of temperature at top surface and throughout the device. It is observed that at some places 

Figure 6.1: Transient Thermal analysis results of first step toward the design of Sample block 



60 
 

temperature gradient is very low and thus negligible. At these places material is removed in the 

original design and a new optimum design is achieved with lower mass.  

 

Figure 6.2: Transient thermal simulation contours of Temperature of step 2 toward design of Sample 

block 

 

Figure 6.3: Transient thermal simulation contours of Temperature of step 3 toward design of Sample 

block 
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Table: mass of different design  

Design Mass (Gram) Material Volume (Cubic mm) 

1 49.40 Aluminum  18297.25 

2 47.28 Aluminum 17514 

3 46.54 Aluminum 17238.4 

 

Figure 6.4: The results comparison of Temperature with time first 3 step 

Three thermal cycles are applied to all designs and compared the temperature response at the 

top surface of device in the figure 6.4. it is obvious from figure 6.4 that response time of design 

2 is higher than other two designs thus we choose this one and further analysis is performed on 

this design to get an optimum result. 
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Figure 6.5: Sectioned view of heat flux contours 

 

Figure 6.6: Sectioned view of heat flux contours  
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Figure 6.7: Variation of temperature with time of above discussed two assemblies 

Design 2 is further improved using geometry features. In the figure 6.5 it is shown that in the sides 

of walls we made holes to reduce the thermal mass of sample block and performed simulation. It 

can be seen in figure 6.5 that the effect of heat flux on mass present between the holes is negligible.  

Then this design is again modified and the mass between the holes is removed completely making 

the shape of elliptical slot instead of holes and simulation is performed again. Figure 6.6 shows 

that this slot design is better than the presented in the figure 6.5. Temperature response time of the 

designs presented in figure 6.5 and 6.6 plotted in the figure 6.7. It is evident that design having 

lower mass have high temperature response that the other one presented in the figure 6.5.  
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6.2. Energy Consumption  

  

Figure 6.8: 4 steps of design of Sample block to analyze the effect of mass to energy consumption 

  Four steps of designing the sample block are shown in the figure 6.8. in each step mass is reduced 

using different geometrical shapes.  

Step-1 

A single rectangular block is shown with wells only having mass of 61.27 g. 

Step-2 

The material between the wells is removed using blind holes of 4mm diameter. Now the mass is 

reduce to 46.5 g. 

Step-3 

In the further design consideration extra material from sides is removed by making elliptical slots. 

Now mass became 31.91 g. 

Step-4 

In this final step material from side walls is removed to for better appearance of device. And the 

final mass of block is 23.5 g that is optimum for current design. Material used is aluminum that is 

used mostly in these devices.  
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Figure 6.9: Temperature contours of step 1 PCR device assembly at 50 watt input boundary 

Plastic tubes are placed in the wells of these devices and fluid sample is kept in these tubes and 

glass caps are placed above the tubes to stop the evaporation of fluid sample. Then a heat flux of 

50 watt is given to all the devices at base. Then temperature response of all the device at the heat 

flux of 50 watt is shown in the figures from 6.9 to 6.12. It shown clearly from the section views 

of devices that the device having minimum thermal mass gives the highest temperature response. 

It can be seen that by removing the thermal mass energy requirement is reduced for designing the 

portable devices.  
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Figure 6.10: Temperature contours of step 2 PCR device assembly 

 

 

Figure 6.11: Temperature contours of step 3 PCR device assembly 
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Figure 6.12: Temperature contours of step 4 PCR device assembly 

Table 6.2: Effect of Sample block mass on applied energy 

Four different sample blocks are compared in the table above. We required a temperature of 96 to 

97 degrees. First a heat flux of 50 watts is given to all the devices and response is recorded. Then 

an optimum design is selected from above mentioned designs that is having a mass of 23.5 g. after 

that we calculated the energy required to gain our desired temperature value. It is shown that about 

50.5% energy is saved as compared to the design having thermal mass of 63.21 g.   

6.3    Sample Block material  

The intensive interplay of engineering and materials science has always been an important driving 

force in the rapid evolution of microfluidic technologies and their strikingly wide range of 

applications. To date, numerous materials, including silicon, quartz/fused silica, glass, ceramics, 

Steps Mass of Sample 

Block (gram) 

Maximum 

temperature (oC) 

Input power 

(Watt) 

Energy saving 

1 61.27 96.061 50 0% 

2 46.5 96.542 40.5 19% 

3 31.91 96.643 30.8 38.4% 

4 23.5 96.348 24.75 50.5% 
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polymers, copper, silver and aluminum have been used in fabricating microfluidic devices bearing 

diverse functionalities. In general, a microfluidic device can be built by first fabricating (by dry 

or wet etching, mechanical machining, molding, or casting) but the sample block of microfluidic 

device can manufacture by machining only. The general material for sample block are copper, 

silver and aluminum used in literature but the silver is expensive that is why this is neglected to 

made lowest price device.  

The below graph show the temperature response of copper and aluminum sample block. The 

uniform temperature is applied at the base of the sample block for 25 second and temperature 

sensor is placed at the top of fluid sample. The copper sample block show the quick response of 

applied temperature.  

 

Figure 6.13: The temperature response of different material sample block 
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6.4. Thermo Electric Heating and Cooling Element (Peltier)  

In the above presented analysis temperature and heat flux boundary conditions are applied to heat 

the sample block. But in real time application we need both cooling and heating device that can 

reduce the PCR cycle time. First step of PCR is denaturation in which temperature requirement is 

from 92 to 97 degrees. Second step of PCR is primer annealing in which temperature is reduced 

between 55 to 60 degrees. Thus here we need a device that can perform both heating and cooling 

operations when required.  So a Peltier is selected for this heating and cooling purpose. It consists 

of number of thermoelectric cells that are placed in the series. Numbers of cells in a Peltier depends 

upon the temperature requirements. In the current study a Peltier consists of 70 cells is used.  The 

figure 6.14 shown the basic working of device.  

 

Figure 6.14: working of thermoelectric component  

 

Figure 6.15: Qh to applied current graph at different high temperature 
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Figure 6.16: temperature contours with single cell thermoelectric module 

 

The figure 6.16 shows the single cell of Peltier element with the unit cell of device. As the current 

passes from the Peltier element it heats the one side and cools the other. The unit cell of device is 

placed on hot side of Peltier, the hot side showing the temperature is 96.5 degree. The current is 

applied at copper element of Peltier and other side of cell is grounded. The convection boundary 

condition is applied at the side of unit cell of device with convection heat transfer coefficient 3 

W/m2.K. The opposite side of the Peltier is cooling side.  

After analysis of Peltier single cell effect, we analyzed the device by applying the symmetry in 

Thermal Electric module of ANSYS. The temperature contours of PCR device with thermoelectric 

module heating are shown in figure 6.17. The 4.5 Ampere current is applied at positive terminal 

and negative terminal is grounded whenever 6 volt battery is required for this Peltier. If we reverse 

the current direction it will cool the top surface and heat generated on base of Peltier the where 

need to place the fins to dissipate this generated heat to atmosphere to get maximum cooling. 
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Figure 6.17: temperature contours of one fourth device with heating by Peltier 
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6.5. Final Design and Drawings  

 

Figure 6.14: The Polypropylene tubes plate 
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Figure 6.15: Sample Block 

 

Figure 6.16: Thermoelectric Component (TEC) 
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6.6. Conclusion 

The devices used for polymerase chain reaction (PCR) available in the market at commercial level 

are expensive and can handle the sample size of about 30 ml. in the present work these two 

parameters are considered and a PCR device is designed. To achieve the better performance and 

research objective different designs are made and simulated in Ansys to check their performance 

and compactness. Initially 3 designs are made and only sample block are analyzed. Then we 

choose one from these on the basis of temperature response time of sample block. After that the 

chosen design is further analyzed and modified in terms of thermal mass and energy requirements. 

Heat flux is used for heating the sample block. Temperature uniformity and response time are 

achieved for final design. Then thermal mass of sample block is reduced in different ways to check 

the effect on the thermal response. First 48 wells were generated in the sample block. Then tubes 

are placed in these holes having glass caps. A heat flux of 50 watt applied to it and analyzed the 

temperature response. This was near to our required temperature that is 97 degrees. After this 

thermal mass is reduced by making blind holes on the top surface of sample block to check the 

effect on new sample block with lower mass. It is observed that from removing thermal mass same 

temperature response is achieved with low energy and about 29% of energy is saved. From the 

temperature contours some part is observed again where the temperature affects are negligible. In 

the final design these areas are removed by making elliptical slots in both sides of sample block 

and analysis is performed. Material present at sides is also removed in the final design for better 

appearance but left a small rib at the bottom side to clamp the device easily. In this final design 

about 50.5 % energy is saved as compared to initial design.  

Initially a heat source of 50 watts was applied at the base of sample block using the heat flux 

boundary conditions. But in the real applications this heat source difficult to apply. So, for the 

heating and cooling purpose a Peltier is used. Peltier is a well-known heating and cooling device. 

But in the current work Peltier is used only for heating the sample block. After analysis of Peltier 

single cell effect, we analyzed the device by applying the symmetry in Thermal Electric module 

of ANSYS. The 4.5 Ampere current is applied at positive terminal and negative terminal is 

grounded whenever 6 volt battery is required for this Peltier. If we reverse the current direction it 

will cool the top surface and heat generated on base of Peltier the where need to place the fins to 

dissipate this generated heat to atmosphere to get maximum cooling. 
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In the end lowest possible mass, temperature uniformity of fluid sample and a good temperature 

response rate is achieved for the best possible working of device.  

In the present work Peltier is used only for the heating purpose. In the future it can be used for 

reducing the temperature of device after denaturation. Heat generated on the other side of device 

during the cooling of device can go dissipate to sink. This sink can also be designed in future. 

Another way of cooling may be by passing the air through the elliptical slots. The air would remove 

the heat by convective heat transfer. The results of current work can also be validated through 

experimental work by manufacturing the device.   
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