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Abstract 

In this paper, we design and implement a firmware for portable PCR devices that is 

controlled by a smart phone. The firmware has the host-local structure in which the 

firmware receives operation commands from the smart phone and sends operation results 

to the smart phone through Bluetooth communication. The firmware is designed to 

accommodate unstable wireless communication of Bluetooth. We implement a low-cost 

small PCR device with the proposed firmware on microchip PIC18F4550, and verify that 

the implemented PCR device significantly reduces volume size of existing commercial 

PCR devices with a similar performance. 
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1. Introduction 

Analyzing DNA characteristics of target materials requires four steps: DNA extraction, 

DNA amplification, electrophoresis, and gel documentation [1]. DNA extraction is a 

process of purification of DNA particles from target materials using a combination of 

physical and chemical methods. DNA amplification is a process of producing multiple 

copies of a sequence of DNA. PCR(Polymerase Chain Reaction) is the most common 

DNA amplification method [2]. Electrophoresis is a process of separating DNA fragments 

based on their size by moving dispersed DNA particles through agarose gel under 

influence of a spatially uniform electric field [3]. Gel documentation is a process of 

capturing a photograph of DNA particles dispersed on agarose gels under ultra violet light 

and analyzing the relative moving distance of DNA particles [4]. In this paper, we focus 

on designing an efficient device performing the PCR procedure for DNA amplification. 

The proposed PCR structure minimizes the volume size and the implementation cost in 

order to support portability. The proposed structure supports only the PCR function but 

not the user interface function to minimize the volume size and the implementation cost. 

In the proposed structure called the host-local structure [5, 6], the user interface function 

is eliminated by exploiting the user interface function of smart phones via Bluetooth 

wireless communication. In this paper, we design and implement a firmware for micro-

controller of PCR devices so that the PCR device would satisfy the following three 

requirements: receiving/sending the input/output from/to smart phones through wireless 

communication, the minimal volume size and low implementation cost, and reliable PCR 
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function. To minimize the code size, the proposed firmware schedules tasks using only 

hardware timer interrupts and excludes the support of light real-time OS such as PICos18, 

freeRTOS and microC/OS-ii. 

To evaluate working reliability of the designed firmware, we implement the designed 

firmware on PIC18F4550 micro-controller chip and construct a prototype PCR device 

controlled by the designed firmware. Compared with a commercial PCR device, the 

prototype PCR device reduces the volume size by 6/7 while maintaining the DNA 

amplification performance similarly.  

Our previous studies [7, 8] addressed the design issues of low-cost small PCR devices. 

Whereas our previous studies handled the PCR structure controlled by PC through stable 

wired usb communication, this paper handles the PCR structure controlled by smart 

phones through unstable wireless Bluetooth communication. This paper does not consider 

a disposable microchip-based PCR device [9, 10]. 

The rest of this paper is organized as follows; Section 2 explains the background 

knowledge to understand the proposed scheme. Section 3 describes the proposed design in 

detail. Section 4 shows the evaluation results and Section 5 gives the concluding remarks. 

 

2. Preliminaries 
 

2.1. PCR Protocol 

The protocol for Polymerase chain reaction (PCR) follows three steps: 1) denaturation 

to separate the two strands of DNA using heat, 2) annealing, where the primer combines 

to the end of the sequence that is targeted to be amplified while cooling down, 3) 

polymerization, of extension, synthesizing DNA through re-heating the sample. PCR 

thermal cycler controls the temperature of a metal block with holes for the sample-

containing tubes usually using Peltier thermoelectric devices. Table 1 is an example of a 

PCR protocol. The first low in the table, labeled as ‘1’, is an extra denaturation step 

maintaining the chamber at 95C for 30 seconds to easily separate the DNA strands 

before the normal cycling. The next three rows form one cycle of amplification, each 

representing denaturation, annealing and polymerization. ‘GOTO’ label is for the flow 

control, indicating the cycle to return to label 2 for 34 times. The example therefore 

consists of 35 cycles in total. The last row is an extra polymerization step finishing the 

PCR. This step enables the strands that has not bond yet to bond with their 

complementary strand. 

Table 1. PCR Protocol Example 

label Temperature (C) Duration (sec) 

1 95 30 

2 95 30 

3 55 30 

4 72 30 

GOTO 2 34 

5 72 180 

 

2.2. Hardware Components for PCR Operation 

The proposed PCR structure employs the host-local model [5, 6]. In the host-local 

model, the system management functions such as UI functions and file handling functions 

are moved to an existing computing system, called host system. The newly manufactured 
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system, called local system, possesses only basic functions except the system management 

functions. The host-local model has two main benefits. One is to conserve human and 

time resources by eliminating the implementation of the system management functions 

into the local system. The other is to reduce the volume size and the implementation cost 

of the local system. In this paper, a smart phone plays a role of the host system and we 

design a new device that plays a role of the local system. The newly manufactured system 

performs the PCR protocol and communicates with the smart phone via Bluetooth. 
 

 

Figure 1. Configuration of Hardware Components 

Figure 1 shows the configuration of hardware components that are controlled by a 

micro-controller and perform temperature changes for PCR protocols. The plastic in the 

top of the figure is the cover of this device. The sensor below the plastic measures the 

temperature data of chamber and transfers it to the micro-controller. The coil heater 

increases the temperature of chamber and the aluminum spreads the heat evenly. The 

chamber contains DNA fragments being amplified and reagents triggering PCR operation. 

The Peltier below the chamber absorbs or produces heats according to the flow direction 

of electric current. The heater sink and the fan in the bottom of the figure help the 

absorbed heat to emit outside. The detailed configuration and operation mechanism of 

each component are addressed in our previous study [7]. 

 

3. Proposed Firmware Design 

The proposed firmware employs the host-local model as shown in Figure 2. Utilizing 

GUI (graphic user interface) on a smart phone, a user inputs a PCR protocol that holds 

temperature changes and their number of repetitions. The protocol is transferred to the 

firmware running on a micro-controller through Bluetooth wireless communication. After 

completely receiving the PCR protocol, the firmware starts to perform the temperature 

transitions in the PCR protocol. The firmware generates control signals of heating or 

cooling the Peltier component according to the temperature transitions in the PCR 

protocol. Meanwhile, the firmware collects the temperature data measured by sensors 

periodically. Based on the collected temperature data, the firmware determines the heating 

strength and the cooling strength to reach the target temperature of each transition of the 

PCR protocol. To display the processing status of the PCR protocol to users, the 

information of the current step of temperature transition, the progressed time, the current 
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measured temperature, etc., is transferred to the smartphone app. through Bluetooth 

wireless communication.  

 

Figure 2. Host-local Structure 

Figure 3 shows the state transition diagram of firmware on the local system. In ‘start’ 

state, the firmware waits to receive the start command for PCR operation. In ‘protocol 

transferring’ state, the firmware receives a PCR protocol composed of multiple messages 

from the host system. If the PCR protocol is completely transferred, the next state 

becomes ‘execution ready’. If it fails to transfer the PCR protocol due to sudden 

disconnection of unstable wireless communication, the state goes back to the ‘start’ state. 

In ‘execution ready’ state, the firmware parses the transferred PCR protocol. In ‘protocol 

execution’ state, the firmware generates control signals of temperature heating or cooling 

according to the parsed target temperature and its duration of each step. Meanwhile, the 

firmware collects temperature data measured by sensors, and sends the collected 

temperature data to the host system. When the whole PCR protocol is finished, the next 

state becomes ‘protocol completion’. In ‘protocol completion’ state, the firmware sends a 

notice of completion to the host system and waits a confirmation response from the host 

system. When the confirmation message arrives, the next state becomes ‘start’. 
 

 

Figure 3. State Transition Diagram of Firmware 

In the two states of ‘start’ and ‘protocol transferring’ depicted with solid lines, the 

firmware needs to hold the connection with the host system. If the connection is broken 

due to unstable wireless connection, the firmware does nothing excepting waiting to 

receive a message from the host system. On the contrary, in the three states of ‘execution 

ready’, ‘protocol execution’ and ‘protocol completion’ depicted with broken lines, the 

firmware works regardless of connection with the host system. In these states, the 

firmware does not need any command arrived from the host system and thus neglects any 
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command even if some unexpected command arrives. When the connection is broken, the 

firmware just skips to send messages to the host system. The skipped messages are not 

essential for the host system because they include information for displaying the 

processing status of the firmware. In these three states, the host system displays the 

processing status if the connection is established and, otherwise, stops to display the 

processing status.  

The firmware receives a message and sends its response message periodically. We 

determine the period empirically. In our experiments that will be explained in Chapter 4, 

the maximum turn around delay is smaller than 200ms.  This implies that the maximum 

delay of one-way communication is smaller than 100ms. Hence the firmware checks 

messages arrived from the host system per 100 msec. Also, if a message for the host 

system is ready, the firmware sends the message per 100 msec. In contrast, the host 

system checks arrived messages and sends a message to the local system with a different 

period. If the period for the host system is equal to that for the local system, messages are 

possibly lost even when the wireless connection is established, due to synchronization 

problem. The period for the host system is determined to be 200 msec. The display image 

updated every 200 msec. causes negligible inconvenience for users.  

The host system and the local system have the same size of messages with 32 bytes. 

The former 8 bytes are used for commands information in the host system and processing 

status information in the local system. The rest 23 bytes are used to hold debugging 

information. 

 

4. Evaluation 
 

 

Figure 4. Test-bed micro-controller 

To examine the maximum turn-around delay of Bluetooth wireless communication, we 

first construct a test-bed board shown in Figure 4. For Bluetooth communication, the 

FB155BC chip of Firmtech corporation is equipped. The maximum available distance in 

hardware specification of the chip is 10m. The firmware designed in Section 3 is 

developed and loaded in the microchip PIC18F4550 micro-controller. The firmware is 

implemented using MPLAB IDE, MPLAB c18 lite compiler, microchip application 

libraries, HIDBootloader program on 32bit Window 7 OS. The required size of flash 

memory for storing the binary execution code of the firmware is about 1 Kbytes, and the 

required size of RAM memory for storing the data of the firmware is about 7,000 bytes. 

The test-bed board is actually not equipped with the hardware components, because it 

is used only for measurement of turn-around delay of Bluetooth wireless communications. 

The temperature control signals are not transmitted to the Peltier hardware component and 

the temperature data is virtually generated instead of measuring by sensors.  

Table 2 shows the experimental results of measuring the turn-around delay of the test-

bed board shown in Figure 4. We perform 10,000 trials for each setting. Although the 
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maximum distance in the hardware specification of FB155BC Bluetooth chip is 10m, the 

wireless connection is established between the test-bed board and the android smart phone 

apart by more than 10m. While no dropped message is dropped within 10m, more 

messages are dropped in a longer distance when the distance is larger than 10m. In the 

distance longer than 25m, most messages are dropped. The maximum turn-around delay 

is 145 msec in 25m distance. The average delay is approximately 35msec.  

Table 2. Turn-around Delay of Bluetooth Wireless Communication 

Distance 5m 10m 15m 20m 25m 

Maximum 

delay 
97 msec 82 msec 142 msec 141 msec 145 msec 

Average  

delay 
33 msec 34 msec 36 msec 36 msec 37 msec 

Ratio of dropped 

messages 
0% 0% 0.8% 7.2% 16.3% 

Figure 5 shows the graphic user interface (GUI) of the implemented application 

running on a reference Android phone, Google Nexus 4 of LG Corporation. This 

application is implemented using JDK SE 1.7, Eclipse IDE for Java Developers, ADT 

plug-in, Android SDK 2.2 API on 32bit Window 7 OS. The left figure is the display 

image of PCT protocol input by users. The right figure is the display image of processing 

status for PCR protocol, which is transferred from the local system.  
 

 

Figure 5. Graphic User Interface for Android Phones 

For comparison of practical benefits, we construct a prototype PCR device in which the 

micro-controller shown in Figure 4 is connected to the hardware components explained in 

Section 3.2. The left figure in Figure 6 is the constructed PCR device. The antenna in the 

figure is for Bluetooth wireless communication. The right figure in Figure 6 is the existing 

commercial PCR product, MyGene PCR of the LongGene Corporation, which is known 

as the smallest one with the lowest price among commercial PCR products. The volume 
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of the constructed PCR device is width 11.5cm  length 13.6cm height 19cm = 2,971.6. 

The volume of the existing PCR product is width 24cm  length 31.5cm height 27.5cm 

= 20,790. The volume ratio of the constructed PCR device to the existing smallest PCR 

product is about 1/7. 

 

 

Figure 6. Volume Comparison 

Figure 7 shows the results of DNA amplification performed by the constructed PCR 

device and the existing commercial PCR product shown in Figure 6. The DNA 

amplification results are analyzed using the same electrophoresis device and gel 

documentation system. In Figure 7, the left part shows the analyzed image of the existing 

commercial device, and the center part shows that for the constructed device. The two 

analyzed images are almost equal, which implies that their DNA amplification 

performances are almost equal. The right part in Figure 7 shows that the constructed PCR 

device does not amplify DNA fragments when the sample does not contain the target 

DNA fragments.  

 

 

Figure 7. Results of PCR Amplification 

5. Conclusions 

We design a firmware for portable PCR device that is controlled by a smart phone 

through unstable Bluetooth wireless communication. The firmware is designed to stably 

perform DNA amplification under unstable arrivals of the operation command from the 

smart phone. Also the firmware is designed to be suitable for portable PCR device. The 
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firmware can be loaded on a micro-controller with a size of 10Kbytes memory. To verify 

the feasibility of the designed firmware, the firmware is actually implemented and loaded 

on a prototype PCR device equipped with a PIC18F4450 micro-controller chip and 

hardware components playing a role of heating or cooling. Evaluation results shows that 

the constructed prototype device enhances portability by significantly reducing the 

volume size with a similar performance of DNA amplification, compared with existing 

commercial PCR products.  
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