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Abstract: The ultimate goal of this study is to develop an effective and user-friendly form of 
thermal cycler to perform Polymerase Chain Reaction (PCR). This paper research the ability to 
manufacture a thermal cycler using conventional methods and readily available components to 
achieve a significant performance result with low production cost compared with commercially 
available counterparts. Commonly, thermal cyclers use an aluminum heating block as a heating 
vessel for samples, to achieve fast temperature changes and uniformity, but Polydimethylsiloxanes 
(PDMS) lab-on-a-chip (LoC) is utilized in contrast to silver as a heating vessel in this study to achieve 
biocompatibility with various samples. The raspberry-Pi pocket computer was used to achieve the 
necessary control with room for future capabilities addition and improvement. Characterization of 
the heating and PCR processes was done to understand the heat transfer phenomenon and thermal 
cycling speed in PDMS environment. This paper also includes analysis of the cycle speed 
corresponding to the control parameters of the manufactured thermal cycler. Ultimately, the 
characterization and analysis results will show the achieved performance capabilities of the thermal 
cycler. 
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1. Introduction 
Polymerase chain reaction (PCR) is commonly used to 

make copies of a specific DNA segment. Through PCR, a 
small amount of DNA sample can be exponentially 
amplified, resulting in thousands to millions of copies. 
This makes the PCR method become widely used in the 
medical and clinical laboratory, with varied applications 
in forensics, biology and medicines 1–4). 

The heart of the PCR technology is the thermal cycler 
module that copying the DNA the sample by exposing in 
3 specific temperature ranges, which is denaturation (90-
95 oC), annealing (60-65 oC), and elongation (70-75 oC). 
Therefore, one interest in this technology is engineering 
the thermal process during the amplification5). A recent 
development in microcontroller enables us to realize 
simple thermal management hence adding the portability 
of the device6–8). Additionally, the energy management 
was proven to be handle by batteries to make it more 
portable9–11). The battery technology provides a more 
promising energy resource to be used in a long time and 
more separate area with national grid12,13). Moreover, the 

portability of PCR has proven to make use of the PCR to 
be widely used such as in detection of influenza virus14–

17). Another research on LoC has also been performed for 
a biological cells separation 18). 

A recent development in microfabrication has allowed 
us to manufacture a lab-on-a-chip (LoC) module to 
accommodate PCR process in a single microfluidic 
chip19,20). The LoC provides the filtering, the mixing, 
liquid handling, and heating of the specimen and 
reagents21–25). This allows us to decrease the expected 
consuming time for the process of PCR.  Ultimately, we 
could realize a PCR with a lower sample volume, faster 
cycle speed, and better yield concentration of the desired 
DNA copy. Therefore, it has become necessary to develop 
a thermal cycler that accommodates LoC PCR rather than 
the conventional PCR that uses metallic heating 
element26,27). 

This research aims to develop a PCR with LoC as a 
cartridge that not only cheap and easy to built28), but also 
easy to operate and to maintain using a Raspberry-Pi 
minicomputer. This minicomputer is used as a central 
control unit for its faster processing capabilities and its 
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traits of user-friendly interface and application. The more 
rapid processing capabilities of Raspberry- Pi will be the 
foundation of an optimally designed control system with 
the extra capabilities that served for further application 
and improvements of the thermal cycler module. 

 
2. Methodology  

The thermal cycler is assembled from multiple 
components to generate a controlled heating system 
needed for PCR processes. The result is a thermal cycler 
with an overall dimension of 35 cm long, 25 cm wide, and 
11 cm tall. It holds a heating chamber designed to isolate 
the heating environment during usage with the overall 
chamber’s heating space dimension of 9 cm long, 9 cm 
width, and 2.5 cm tall. As a prototype, it can accommodate 
a single PDMS chip which will be heated and cooled 
through conduction with two Peltier elements during PCR 
processes. The thermal cycler will generate the three 
required temperature zones following the user's input of 
the desired set temperature for the temperature zones and 
cycle amount. To produce the optimal result of PCR, the 
PDMS chip used on the process must be shaped to the 
dimension of at least 75 mm long, 25 cm wide, 2 mm thick 
on the non-channel segment and 600 microns thick on the  
channel segment. 

Fig. 1: Schematic design of the thermal cycler electrical 
component wiring 

 

(a) 
 
 

(b) 

Fig. 2:  Design of the thermal cycler (a) physical model and 
(b) heating chamber 

 
The prototype usage is initiated by running a program 

consists of a set of codes that simulates a thermal cycler 
function on the Raspberry-Pi terminal. The program runs 
by first inputting the required control parameters, which is 
the desired cycle amount, denaturation set temperature, 
annealing set temperature, and elongation set temperature. 
From the inputted temperature parameters, the program 
will make a temperature zone for each category to act as a 
control range of the PCR processes. The thermal cycler 
then will run and continuously heats and cools the sample 
to achieve parameter temperatures in a sequence of 
denaturation, annealing, and elongation as much as the 
value of the desired cycle amount inputted by the users. 
The thermal cycler can run indefinitely as long as it is 
power needs are continuously supplied, but it is advised to 
run the PCR in a short amount of cycle at a time to avoid 
damaging the Peltier elements. Should the PCR processes 
fail mid-process such as failure to cools or heats the 
sample, the thermal cycler is equipped with a direct 
command to stop the process where then the user can 
replace the Peltier that is damaged. The schematic of the 
electrical wiring and the design of the thermal cycler are 
depicted in Fig. 1 and Fig. 2, respectively.  

The Control system of the thermal cycler runs by using 
data of PDMS temperature taken by a thermocouple at 
real-time to produce an accurate control for PCR 
processes. The result is a thermal cycler prototype 
designed for flexibility, ease of usage, and precise heating 
control with little overshoot or undershoots capable of 
producing acceptable results on uncontrolled free 
environment parameters. As a result, certain boundary 
conditions are applied to the prototype to achieve those 
targets such as: 
• The PDMS LoC sample is heated through direct 

conduction with the Peltier elements. There should 
be no obstruction in any material between the 
sample and Peltier elements of ceramic surfaces. 

• The PDMS LoC will be heated from the bottom of 
the chip surface. 

• The thermal cycler should be run under the condition 

- 873 -



Heating Characterization of Low Energy Consumption Lab-on-a-Chip 

 
as close as atmospheric pressure and room 
temperature. 
 

Table 1. Thermal properties of PDMS 

Material property  

Density ( kg/m3) 0.97 

Specific heat (J/(kg K)) 1,460 

Thermal conductivity (W/(m K)) 0.15 
 

The thermal cycler is tested for specifications for 
acquiring the solid value of the prototype’s capabilities 
which serve as a base foundation to further develop the 
PCR process control system. With the known parameters 
of the PDMS and thermal cycler, the heating process can 
be modeled to show how the conduction heating works. 
Such are the tables of the PDMS characteristics and final 
thermal cycler specifications. 

 
Table 2. Thermal cycler prototype specifications 

Dimensions 250 X 350 X 110 mm3  
(W X L X H)   

Power Consumption 15 Watt (Idle) 
70 Watt (Max) 

Sample Capacity 1 
Temperature Range 10 – 100 oC 
Temperature Accuracy ± 0.25 oC 
Temperature Ramp Rate 1.75 ± 0.25 oC 

 
From the known PDMS properties, LoC design, and 

test data, we can model a simple conduction formula in 
the form of 2 variables linear equation. The boundary 
variable is the heat flux produced in the conduction 
phenomenon and the free variable by the temperature 
difference between the Peltier element and PDMS 
surfaces. The equation can also be inverted to switch the 
variable’s free and bound status should there be the needs. 

The conduction heat transfer formula is known as: 

�̇�𝑄
𝐴𝐴

= 𝑘𝑘
𝛥𝛥𝛥𝛥
𝑑𝑑

                    (1) 

With �̇�𝑄 is the heat that is transferred through 
conduction per moment, A is the surface area of the 
channeled surface of the PDMS LoC in contact with the 
heating element, k is the material thermal conductivity,  
ΔT is the temperature difference between known material, 
and d is the distance between the point where sample 
temperature is measured and the heat source. 

Combined with known parameters of thermal 
conductivity of 0.15 W / (m K) and distance of 600 
microns, the simple model for the PDMS LoC conduction 
phenomenon can be developed, which is: 

�̇�𝑄
𝐴𝐴

= 250𝛥𝛥𝛥𝛥             (2) 

This model of the equation can be used in conjunction 
with the user’s design of the chip and real-time 
temperature data to understand further how the conduction 
phenomenon will happen on the heating processes. 

The thermal cycler heating system is assembled from 
sets of heating elements, sensors, power supply, and main 
control systems for data acquisition and close-loop 
heating control systems. PDMS LoC is placed on the 
surface of 2 Peltier elements powered by 12 V 10 A power 
supply with an area of 40 * 40 mm2 each where the entire 
heating and cooling of the 3 temperature zones take place. 
The decision is made to use the Peltier element as the 
heating element based on its working principles of the 
thermoelectric effect, where it can generate heating and 
cooling effect by changing the polarity of the direct 
current that powers the element. This reduces the chances 
of temperature overshoots and undershoots by another 
conventional heater, resulting in more accurate and 
precise heating control. Type-K thermocouple is used as a 
temperature sensor to monitor the PDMS LoC 
temperature in real-time, where it can be saved in the data 
archive, which is also used to be the parameters of the 
closed-loop heating control system. The main control 
system real-time data acquisition gives the thermal cycler 
ability to run a flexible real-time heating control, resulting 
in accurate and precise control based on the real condition 
of the heating processes. While the usage of the 
Raspberry-Pi as a control system also allows saving and 
back-up the data acquitted in each trial in the remote 
server should it be connected to the internet, giving it an 
effective way to archive the data. 

As the PCR process is highly dependent on how the 
temperature control works, it is critical how each 
temperature zones will be maintained. To achieve that 
performance, the temperature of the PDMS LoC will be 
measured and compared to the set value of the temperature 
inputted by the user. The Upper and lower control limit of 
the set temperature will be made for each temperature 
zone by the control logic of the control system. With the 
required PDMS LoC contact surface is overall smaller 
than the heating element surface, heating will produce a 
uniform temperature across the PDMS body, consistent 
heating for the tested sample can be achieved, resulting in 
a uniform and reliable PCR process. 

From the upper and lower control limit of the 
temperature zones set temperatures, the control logic can 
be conducted to produce controlled heating. The logic of 
the control system runs by continually comparing the real-
time measurement of the PDMS temperature to the set 
temperatures parameter in a series of set temperature 
values. Should the measurement value is lower than the 
lower limit of the set temperatures parameter, the relay 
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inside will switch on, and the electric current will flow to 
the Peltier, activating it and heating the PDMS. Then, 
should the measurement is higher than the upper control 
limit of the set temperatures parameter, the relay will 
switch to change from the heating setting of the relay 
system to the cooling set, where the wiring is reflected to 
bring a reverse polarity effect, therefore switching the 
heating and cooling side of the Peltier and effectively 
cools the PDMS. The goal is to maintain the temperature 
of the sample between the upper and lower control limit 
of the set temperature and maintain it for a set value of 
time to finish the process. Only when set temperature 
control is achieved will the logic start the process again 
under different set temperature values. This will run 
continuously until it has run for the specified amount of 
cycle inputted by the user. 
 
3. Result and Discussion 

Measurement of the PCR heating and cooling processes 
is solely conducted to acquire temperature data in real-
time using the type-K thermocouple. The sensor will be in 
direct contact with the PDMS LoC channel to measure 
PDMS temperature value through conduction. Data will 
be acquired in the form of temperature value for 2 seconds 
interval. As the PDMS LoC is heated in its entirety, 
assumption of temperature uniformity in the PDMS LoC 
body is taken to counteract the Raspberry-Pi inability to 
host several sensors at once, eliminating the chance to 
conduct a multipoint measurement. 

With the usage of the sensor, it becomes necessary to 
calibrate the sensor to produce data truly representing the 
phenomenon that happens. Calibration is done by 
measuring the Peltier element on the same spot using both 
a Fluke 59 Max standardized infrared thermometer as 
calibrator and the type-K thermocouple. The measurement 
will be done from the range of room temperature to 100 
0C. With the data from the same period of measurement is 
compared to each other, we can conduct a simple linear 
regression to develop a conversion function for generating 
a value of actual temperature from the acquired un-
calibrated data of the thermocouple. The data generated 
from the conversion function will then be used as the real-
time data used for control parameters and archives. Such 
is the data acquired during the calibration process. 

 

Fig. 3:  Thermocouple calibration curve 
 

From this data, statistic processes of linear regression 
can be done to generate the conversion function of: 

 
𝛥𝛥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟=1.261𝛥𝛥𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 3.387                   (3) 

 
This linear function, which consists of Tcoup as a free 

variable is the value of temperature acquired by the 
thermocouple, and Treal as a bound variable is the 
calibrated real value of the temperature which happens 
real-time. The generated linear function is accurate in its 
data range of 0 to 100 0C.  

Fig. 4:  Temperature of PDMS Cartridge and Peltier heater 
 

As shown in Fig. 4, we can see there is quite a 
significant difference value of temperature between the 
PDMS LoC and Peltier element. The conduction equation 
shows that the conduction process interacts. The 
considerable temperature difference value can be taken to 
assume that PDMS as a material has a low amount of 
thermal conductivity, meaning prolonged heating is 
needed to heat the LoC to the target temperature. This 
supports the thermal cycler specification of 1.75 ± 0.25 0C 
temperature ramp rate, were compared to the 
commercially available counterpart’s ramp rate of 
averagely 3 0C, it is relatively low. These characteristics 

(o C
) 

(o C
) 
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will be used as a base to develop heating control logic. 

 

Fig. 5:  Temperature over time during duty cycle test 

 
A set of tests for the duty cycle was also performed to 

examine the performance of the thermal cycler. The duty 
cycle tests were performed under a different power input 
to the thermal cycler, ranging between 20 to 100%. As 
depicted in Fig. 5, the results show that due to the 
thermoelectric effect of the Peltier element, the lower the 
input power, the longer it took for the thermal cycler to 
reach the desired temperature.  

 

Fig. 6:  Temperature of PDMS Cartridge under natural and 
forced cooling 

 
Fig. 6 shows the temperature of PDMS cartridge under 

the variation of the cooling mode. The thermal cycler was 
tested with and without a fan. The test was done under one 
complete PCR cycle. Under the natural cooling mode, the 
thermal cycler was able to complete one PCR cycle in 764 
seconds, whereas in forced cooling mode one complete 
PCR cycle was done in 573 seconds.  

With the needed characteristics and calibration has been 
taken to account, the thermal cycler prototype can then be 
run to test its performance. The initial test is firstly done 
by setting the upper and lower control limit to be ± 1.5 oC 
of the set temperatures. The set temperature value is 

continuously set at the value of 92 oC for denaturation, 65 
oC for annealing, and 71 oC for elongation for trials to 
produce consistent results in its trial. Testing is done for 5 
iterations in 3600 seconds (1 hour) duration under room 
temperature and atmospheric pressure to simulate usage 
under common free environment variables condition. 
With the temperature data is acquired and archived in real-
time, we can find the cycle speed the prototype can also 
achieve the overshoot and undershoot that happens during 
usage. Such are the results presented in a scatter graph 
diagram. 

From the scatter graph in Fig. 7, we got the value of 
PDMS temperature in real-time during the 1-hour trial 
duration. By putting the value of the temperature zones in 
mind, we can find the amount of cycle finished during the 
trial duration. It is found that by order of trials, the thermal 
cycler successfully runs the PCR processes for 7 cycles in 
1st cycles, 7 cycles in 2nd trial, 6 cycles in 3rd trial, 6 cycles 
in 4th cycle, 7 cycles in 5th trial, and with an average of 6.6 
cycles and hour. From those data, we can find the value of 
the standard deviation of the thermal cycler performance 
which is 0.55 or 8.33% deviation based on its average 
value. This shows 2 major points of the thermal cycler 
prototype development, with firstly is that the PCR 
process heating control system is a successful design of 
control logic that can generate PCR process shown by how 
the data run successfully run multiple cycles 
consecutively and secondly, based on the value of 
standard deviation we can conclude there are still 
deviation and inconsistencies of performance results 
which means there is room for further control logic 
improvements. 

 
From the data of the cycle amount, we can compare it 

to the value of the average cycle of 6.6 cycles using the 
six-sigma method to show further how reliable will the 

thermal cycler works. The method shows that the process 
of the trial produces 1.7 sigma capabilities, which under 
percentage is that the process reliability falls in 40% 
chance of deviation and inconsistencies occur in its 

Fig. 7:  Temperature of PDMS in thermal cycler performance 
test 

 

(o C
) 

(o C
) 
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operations. 

From the data collected, we can also find some 
overshoots and undershoots that frequently happen, 
especially overshoots during the denaturation process as it 
sets as the highest working set temperature. This fact 
coupled with the findings of inconsistent cycle speed 
performance results would further support the fact of how 
to control logic improvements have to be made. 
 
4. Conclusion 

A PDMS chip-based thermal cycler has been 
successfully realized through conventional methods and 
commercially available components. Despite the less-
than-ideal results of heat transfer analysis of the PDMS 
conduction phenomenon, the thermal cycler main 
parameters of heating control showed successful results 
through series of tests. The ability of the thermal cycler to 
reproduce identical results were presented during the 
performance test. The thermal cycler design is open to 
improvement to achieve portable DNA detection through 
modular integration. 
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