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	The aim of this study is to prove the capability of vinyl cutting technique to cut the conductive traces of electronic circuit layout which used a copper tape (Copper tape 1181 from 3M) on flexible substrate to replace the method of using nano-scale particle material. A wireless Electrocardiography (ECG) circuit was integrated and fabricated on flexible substrate, namely a Polyethylene Terephthalate (PET) substrate by using vinyl cutting method to produce the conductive line traces. After that, the fabricated circuit is used for acquiring ECG signals from a patient simulator and human subjects to measure the performance differences and compatibility as a wearable device. In the data processing stage, ECG data were denoised using sym20 from Wavelet Transform tool provided by MATLAB. Then, Signal-to-noise-ratio (SNR) was calculated and used as the signal quality indicator. At the end of the study, flexible circuit performance was compared to MIT-BIH Arrhythmia database and it shows that there is no significance difference between both. In conclusion, vinyl cutting method shows a promising fabrication output on PET substrate as the performance of both flexible ECG circuit is comparable with rigid ECG circuit by a previous study.
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1. INTRODUCTION 
To date, the development of electronic devices with both excellent electrical conductivity and outstanding flexibility is an active and vibrant research field specifically in a production of flexible electronics devices such as flexible displays [1], flexible antenna arrays [2], radio-frequency identification (RFID) tags [3], and biomedical devices [4]. Important features of new electronic devices are low manufacturing costs, longer endurance time, recycling, lower energy consumption and higher efficiency.
Flexible electronic circuits can be generally fabricated by depositing the patterned conductive materials onto the flexible substrate via conventional vacuum deposition or printing processes. These technologies contribute to the potentially low-cost process but still there are many problems arouse which needed to be encountered and concerned, such as the effect of environmentally pollution and defective production which are the challenge [5]. On the other hand, Suikkola and team have done a research on fabrication and characterization of stretchable interconnects for wearable electronics application [6]. Their focus is to study the changes which occur on the traces that were screen printed with a stretchable silver-polymer composite ink on thermoplastic polyurethane (TPU). From the study, there are changes in resistance over strain. This behavior is not suitable to be used in a sensor’s circuit because it would interrupt the accuracy and contribute noise to the electronic system.
On top of that, Eshkeiti has done a research on screen printing of multilayered hybrid PCB on different substrates [7]. He used PET, glass and paper as the flexible substrates in his study. Screen printing method and silver (Ag) flake ink (Electrodag 479SS) and an UV acrylic-based ink (Electrodag PF-455B) from Henkel were used as the metallization and dielectric layers, respectively. However, the same problem occurred of which the resistivity of the traces changed whenever there are bending or moving body’s activity. It can be concluded that, there would be a problem of having loss continuity if nano-size conductive ink is used as the material to fabricate the conductive traces that may produce unstable conductivity.
Another research has mentioned the advantages and disadvantages of using inkjet printing for circuit fabrication [8]. This method able to give a better resolution for conductive traces than screen printing method. However, there is a high possibility for the nozzles to clog because of the accumulation of the nanoparticles ink inside the cartridge. Besides that, the stability of the conductive traces printed by the method is less because of low concentration of nanoparticles ink. This issue leads to high resistance of conductive traces.
Extensive research and development are required to overcome these technical problems to improve the material printing technology up to the manufacturing process. For example, how to improve conductivity and resolution of printed circuits, improve adhesion between the printed materials and the substrates, further reduce the cost, and enrich choices of substrate materials. Thus, in this study, the focus is to use vinyl cutting method and copper tape as the conductive traces on flexible substrate. In addition, copper tape is used instead of nano-size conductive ink. Previously, vinyl cutting method has been used in fabrication process of electronic devices. However, the implementations were on different applications such as silicone devices [9] and flexible transparent free-form displays [10]. 



2. RESEARCH METHOD
This section discusses on the method used in this study to achieve the objectives of the study. The process flow of integrating ECG device onto the PET substrate and data collection is shown as in Figure 1. Earlier literature study and preliminary study could be found at [11-13]. The study was started by designing the ECG circuit. It was designed using EAGLE software by EAGLE Autodesk. Details on the circuit design and fabrication are discussed in section 2.1. The design was a single sided circuit layout. Next is the fabrication process on PET substrate using vinyl cutter machine and testing the circuit functionality. Last stage of this study was data collection and analysis which are discussed in section 2.2.
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Figure 1: The study flow diagram
2.1. Circuit design and fabrication
Before designing a circuit, component selection was done. First of all, in order to design a wireless ECG device, an efficient wireless protocol module and Digital Signal Processing (DSP) chip for bio signal detection are needed to assure convenience to the end user. The developed device shall consider portability and wearability aspects. Bluetooth HC05 module is chose as it is designed for transparent wireless serial connection setup. Thus, the communication is via serial communication which makes an easy way to communicate with a controller or a computer. This Bluetooth module also provides switching mode between master and slave modes; which means it is equipped with the capability to be used as a receiver nor transmitter. In this study, the Bluetooth is acted as a transmitter as it will send the data to the phone before further processing.
Meanwhile for DSP module, BMD101 integrated circuit (IC) from NeuroSky is used for acquiring an accurate bio signal detection and processing. This IC has high performance of its Analog Front End (AFE) for bio signal detection range from microvolt level to millivolt level. This chip is built with High Pass Filter (HPF), Low Noise Amplifier (LNA) and Analogue Digital Converter (ADC) for the part of AFE. Most of the bio signal filtering are done in the digital domain, after the data leaves the ADC, it goes through the digital filter such as notch filter and Low Pass Filter (LPF). Next is the ECG circuit design. Circuit design process has been done using EAGLE CADSOFT software. After completing the ECG circuit design, then, fabrication on PET substrate using vinyl cutter was run. The process flow is explained in Figure 2. To complete this study, equipments and materials used are as follow; Vinyl cutter machine SummaCut D60R, Memmert oven, 3M Copper Foil Tape 1181, PDMS (Sylgard 184 Silicone Elastomer) and conductive Epoxy (CircuitWorks CW2400) from Chemtronics.
The process started with transferring the copper tape layer onto the PET substrate. The most suitable size for the copper tape and substrate to be used with vinyl cutter machine was according to A4 paper size. Once the copper tape has been attached to PET substrate, it is inserted into the vinyl cutter machine to make the traces according to the design. To cut the traces on the copper tape, appropriate knife pressure should be used to prevent the vinyl cutter from cutting through the substrate. Knife pressure used was 80 g with velocity of 50 mm/s. Next, when the cutting process has been completed, peel-off the unused copper tape to get the conductive traces according to the design we have set earlier using Eagle software. After that, the circuit is ready to be assembled with the electronic components.
In assembling the electronics component on the PET substrate, a silver conductive adhesive from CircuitWorks (CW2400 from Chemtronics) is used as the solder paste replacement. The reason it is used for flexible circuit fabrication is to replace solder paste which require a higher temperature for curing. In comparison of several conductive adhesives, this silver epoxy is having the lowest resistance (0.5 Ω) for each contact of mounting Surface-Mount Device (SMD) components and provides mechanically stable contact [14]. This conductive epoxy comes with two parts: part A is epoxy and part B is the hardener. Equal amounts (1:1) by weight or volume of Part A and Part B were mixed thoroughly for 2-3 minutes and immediately applied on the substrate’ surface. Then, the components were placed accordingly on the applied conductive epoxy. To get maximum conductivity and adhesion, it must be cured at 80 °C in 10 minutes. The curing time is following the suggestion provided on the datasheet.
Last step is polydimethylsiloxane (PDMS) encapsulation process. The encapsulation is needed to cover or to create aprotective layer for the electronic components which have been assembled on the circuit on flexible substrate. PDMS is chosen because it has higher flexibility and required a low curing temperature. It was carried out by using the 184 Silicone Elastomer; PDMS (Sylgard 184, Dow Corning). The PDMS mixture is prepared by mixing the elastomer base with the curing agent according to a 10:1 ratio (by weight) in a Petri dish. After sufficient stirring, to ensure the reaction between the mixture and no air bubbles trapped within, the mixture is let rest for 30 minutes. After 30 minutes, the mixture is poured on the flexible circuit which has been placed in a mold. Then, it has been cured at 100 °C in an oven for 35 minutes. There are several choices of curing temperature such as 100 °C for 35 minutes, 125 °C for 20 minutes or even at 150 °C for 10 minutes. According to mechanical characterization that have been done by Johnston [15], with 100 °C curing time was able to give a high ultimate tensile strength of 6.25 MPa. 
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Figure 2: Fabrication process on flexible substrate


2.2. Data acquisition
There are ten subjects involved in the data acquisition in this study. There is no subjects’ gender restriction. Subjects’ age are around 19 to 22 years old. In each set of activity, subjects are needed to rest for 5 minutes before running activity. Then, subjects must run on a treadmill with 0 º of inclination at 1 kilometer per hour (km/h), 0 º at 2 kilometer per hour and 0 º at 3 kilometer per hour. Next set of activity is running on the treadmill with 3 º of inclination at 1 kilometer per hour, 3 º at kilometer per hour and 3 º at 3 kilometer per hour. Each activity is done for one minute for data recording. Refer to Table 1 for activities summary for this study data acquisition. For optimal data acquisition by using the fabricated ECG circuit, the device is placed diagonally, following Lead III electrode position of Einthoven’s Triangle [16]. Positive electrode (labelled as SEP pin) of the device is connected to torso (the trunk of the human body), while negative electrode (labelled as SEN pin) is connected to the area nearer Left Arm (LA). For a clearer configuration of electrode’s position, please refer to Figure 3. The ECG device was turned on and the Bluetooth was connected to the smartphone accordingly. Once the Bluetooth of the ECG device and phone are both paired, it is ready to be used. Android application of ECG is opened and device Bluetooth name is chosen. Then, the phone started to display the subjects’ ECG signals and data file is created and saved at the same time inside the smartphone internal memory.


Table 1. Summary of activities used for data acquisition
	Treadmill -
Cliff degree (º) and speed (km/h)
	Duration (min)

	0 º, 0 km/h (Rest)
	5

	0 º, 1 km/h
	1

	0 º, 2 km/h
	1

	0 º, 3 km/h
	1

	3 º, 1 km/h
	1

	3 º, 2 km/h
	1

	3 º, 3 km/h
	1

	0 º, 0 km/h (Rest)
	5
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Figure 3. Eletrodes’ position on subject



3. RESULTS AND DISCUSSION 

3.1. ECG Circuit Prototype and Validation
Figure 4 (a) shows the position of each component used for the design. The circuit is designed using EAGLE software with a dimension of 76 mm x 45 mm. Figure 4 (b) shows the prototype of ECG circuit which has been fabricated on PET substrate. All components on the substrate have been encapsulated with PDMS layer.
Functional and electrical testings were done to ensure both circuits could provide an optimum performance and quality before being test with a human subject. The circuits are connected to ECG patient’s simulator from Fluke ProSim2 Vital Sign Simulator to generate the ECG signals. Normal ECG rhythm was chosen for the circuit testing. Connections between ECG simulator and ECG circuit is shown in Figure 5 (a). Positive input of the circuit (labelled as SEP pin) is connected to Right Leg (RL) and negative input of the circuit (labelled as SEN pin) is connected to Left Arm (LA) of the patient simulator according to Lead III of Einthoven’s Triangle theory. ECG circuit is supplied with a 3.7 V Lithium-Polymer (LiPo) battery. For ECG signal display and data collection, an ECG android application [17] as in Figure 5 (b) was used to receive and display ECG data which has been transmitted from the developed ECG device. Then, the data are saved in the smartphones’ memory in .txt format. These data were used for further analysis.
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Figure 4. (a) Board layout from EAGLE software, (b) Prototype of ECG circuit on PET substrate

[image: ][image: ]

Figure 5. (a) Instrument setup for ECG circuit validation, (b) ECG signal displayed on smartphone for validation process using patient simulator

3.2. ECG data analysis
Previously, Infinite Impulse Response (IIR) filter [18], Finite Impulse Response (FIR) filter [19], Adaptive filter [20] have been used widely in ECG signal processing. Least Mean Square (LMS) adaptive filter is the most widely used in filtering ECG. But this method is not able to capture the rapidly varying non- stationary signal. However, in the last two decades, Wavelet Transform (WT) have been known among the researcher because its ability in analyzing non-stationary and Pseudo periodic ECG signal. There are a lot of family and scope of WT to be used in processing the ECG signal such as Daubechies, Coiflets, Biorthogonal and Symlets. Based on previous research [21], they found that Symlets family provides the best performance according to the SNR and (percent root mean square distortion) PRD value measured in the research. Thus, Symlets family of WT is used in this study to process and filter the ECG signal acquired during the experiment. In short, the first step in producing a wavelet denoising is to choose a wavelet function (first parameter) to be used in signal decomposition. Different types of wavelet are available of which each type has different sub-types. The second step is to choose a suitable decomposition level (second parameter). It must be selected with a family wavelet function. The third step is the selection of threshold value (third parameter) to be applied in the wavelet domain. Thus, wavelet basis function used in this study is Symlets wavelet and decomposition level used is level three. Threshold value used in this study is referred to soft threshold method.
In Figure 6, it shows the decomposition of the ECG signal using sym20 wavelet at level 3. Based on the figure, S is referred to the mother wavelet or raw signal, 𝑎𝑎3 is the third approximation signal from the output of the down sampled of second LPF, 𝑑𝑑3 is down sampled output of third HPF, 𝑑𝑑2 is down sampled output of second HPF and 𝑑𝑑1 is down sampled output of first HPF.
Since the data have been filtered using WT tool as discussed in previous section, the differentiation between signal and noise can be done. The SNR for each subject and each activity is calculated. Based on the activity summary described in Table 1, there are seven activities done by each subject. For each activity’s, SNR mean values were calculated and summarized as in Table 2. From the SNR values of all activities, average SNR value calculated for flexible circuit is (32.10) in ratio. These value then was compared to SNR value obtained by [21], which is (32.25) in ratio. This shows there is no great distinctive between SNR values of flexible circuit type from this study and the value of SNR from the previous study [19]. From this SNR comparison, it can be concluded that both types of ECG circuit signals qualities are comparable with the device used for ambulatory ECG recordings in hospital.
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Table 2. SNR mean values for each activity
	Treadmill -
Cliff degree (º) and speed (km/h)
	Subject (N)
	SNR (mean)
	Standard Deviation

	0 º, 0 km/h (Rest)
	10
	32.42
	2.98

	0 º, 1 km/h
	10
	31.56
	3.25

	0 º, 2 km/h
	10
	32.41
	3.69

	0 º, 3 km/h
	10
	32.08
	3.59

	3 º, 1 km/h
	10
	31.83
	3.22

	3 º, 2 km/h
	10
	32.31
	2.75

	3 º, 3 km/h
	10
	32.12
	3.24





4. CONCLUSION
A new method to fabricate ECG circuit has been introduced in this study. Thus, the quality of ECG signal is a major concern. Consequently, the quality of ECG signals acquired by using the fabricated flexible ECG circuit is compared to ECG database. Data collection was obtained from ten subjects of Undergraduate students from Universiti Teknologi Malaysia. Total of seven activities (rest and run on treadmill with different speed and degree of inclination) were recorded for the data collection purposes. Average SNR value of ECG circuit on PET substrate is (32.10) which was compared with SNR value from a previous study (which used data from MIT-BIH Arrhythmia database of Physionet) is (32.25). There is no significance different could be observed between these two values thus support the method of using vinyl cutter machine to fabricate ECG circuit on flexible substrate shall be prominence for future study.
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