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ABSTRACT 

With 17.9 million deaths annually, cardiovascular diseases (CVDs) have become the 

leading cause of mortality worldwide. This increased death rate creates a significant need for long-

term ambulatory ECG monitoring for early diagnosis and treatment. Commercially existing ECG 

monitors use rigid materials, aggressive adhesives, and lack mechanical compliance with skin. 

Here, a wireless, Bluetooth-enabled, flexible, low-profile epidermal ECG monitoring device is 

presented with high-quality ECG signals. Electrode placements with different distances are 

investigated to find the optimal placement position of the electrode on the chest for identical 

readings with traditional ECG lead I and II. Afterward, the dry electrode and circuit are 

microfabricated using 2 µm-thick copper foil. The functionality of the electrode is demonstrated 

with stretchability, contact impedance, and EMG SNR measurement. The device's functionality is 

presented with a flexibility test, antenna performance test, RSSI measurement, and ECG signal 

collection. Contact impedance values for gel and dry electrodes are comparable, which are 3.94 

and 3.96, respectively. Also, EMG SNR values are comparable for gel and dry electrodes, with 

18.12 dB and 17.84 dB, respectively. Mechanical and electrical experiments suggest a 2 mm radius 

of curvature at 180° bending as the maximum flexibility of the device and a 30m long working 

distance for constant wireless communication between the device and a portable device. The 

morphology and quality of ECG signals acquired from human subjects during different activities 

demonstrate the device's potential for ambulatory monitoring. Overall, our findings prove the 

device is flexible, Bluetooth enabled, and can provide conformal contact with skin to achieve ECG 

monitoring in real-time effortlessly. Future work should include validating the device's 

functionality with data collection during different activities of the human subject.  
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CHAPTER 1 

INTRODUCTION 

 

          A flexible, wearable ECG monitoring device has been developed. The motivation for 

developing wearable ECG monitoring device and specific goals of the thesis will be outlined in 

this chapter. 

1.1 Motivation 

 

Cardiovascular diseases (CVDs) are a set of diseases that affect the heart and blood arteries 

[1] and can cause heart attacks, strokes, arrhythmia, cardiomyopathy, heart failure, and rheumatic 

heart disease [2]. These cardiovascular disorders can be caused by high blood pressure, obesity, 

smoking, alcohol, cholesterol, and hypertension, etc. The World Health Organization (WHO) 

stated in a yearly study that each year with 17.9 million worldwide death [3], cardiovascular 

diseases had become the number one cause of mortality. Despite advances in the detection, 

treatment, and prevention of cardiovascular disease, 30 million Americans had cardiovascular 

disease diagnosed in 2020, and almost 697,000 died [4]. In order to decrease cardiovascular 

patients' mortality and morbidity and to enhance their quality of life, monitoring cardiovascular 

health status has gained widespread attention in the medical community and in cardiovascular 

biomedical research. Also, the health care delivery system is under tremendous pressure to 

maintain quality of service while lowering total expenditures as the population of the United States 

ages. The quality of care will be improved if the health care delivery system becomes more 

efficient [5]. 

         A person's requirement for frequent medical visits can be decreased while maintaining the 

quality of treatment using a device that monitors ECG during everyday activities. Several ECG 
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devices are commercially available to track the heart's electrical activity and show it as a flowing 

line of peaks. The most common devices for recording heart electrical activity are 12 lead ECG 

and Holter monitor. The 12-lead ECG measurement process is considered the standard procedure 

for ECG monitoring [6], and the Holter monitor is considered the portable device for ambulatory 

ECG monitoring [7]. However, 12 lead ECG and Holter monitor have several limitations. For 

instance, 12-lead ECG has a bulky setup using tapes, straps, adhesives, and long wires, which 

prevent the natural movement of patients [8]. The Holter monitor uses adhesive gels, which create 

discomfort while wearing during daily events. Adhesives can cause skin irritation and are 

inconvenient to use during a shower and other activities [9]. In addition, the gel gets dried over 

time, disrupting the connection with skin and resulting in inaccurate results. Moreover, analysis of 

ECG data from Holter monitor requires returning of the device to the clinician, which might delay 

the timely intervention of data and the detection of unexpected cardiac events [10]. To address the 

issues of the existing devices being bulky with lots of wires and not being suitable for long-term 

wearing, different researchers have proposed wireless and wearable ECG monitoring device for 

continuous ECG monitoring so that it can help in early detection of cardiac abnormalities from the 

electrical activity of heart. The wearable devices developed are based on microelectromechanical 

system (MEMS) technology which occupies great interest in wearable devices because of its 

microstructure and integrated electronic system [11].  Wearable devices like smartwatches, fit 

bands, etc., are used for measuring heart rate. They have been a part of modern technology which 

is motivated by microelectromechanical system (MEMS) [12]. However, wearable devices, like 

smart watches for heart rate monitoring, lack flexibility, mechanical compliance, and signal 

accuracy [13]. Therefore, the limitations of currently existing devices produce a high need for 

wearable cardiac monitoring solutions that continuously provide clinical-grade accurate results. It 
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should also provide signal acquisition without disrupting people's daily activities and maintain user 

comfort [9].         

This study aims to use MEMS technology to develop an epidermal ECG device which will 

help improve the limitations of the existing device. Compared to 12 lead ECGs with several wires, 

this epidermal ECG device will not require bulky wires and will provide an accurate ECG signal. 

Moreover, unlike the Holter monitor, the fabricated device will be smaller, lightweight, portable, 

and provide real-time monitoring. Also, it will not require the return of the device to the clinician 

for interpretation. Furthermore, the flexible, low-profile, Bluetooth-enabled, miniaturized ECG 

device will have gapless interfacial contact with the skin. It will enable acquiring a high-quality 

ECG signal with mechanical compliance, which is lacking in wearable smartwatches. The device 

will be made using the fabrication method that combines wet etching, photolithography, and thin 

film deposition in order to generate microscale designs. In order to assure flexibility and user 

comfort, the material utilized to fabricate the device will be produced by integrating complex 

electrical components with an elastomer. 

1.2 Objectives of the study 

 

           Research has shown that most people are at risk of cardiac diseases[14]; hence, continuous 

monitoring of the cardiovascular system would be necessary for the early detection and 

management of cardiovascular abnormalities. Considering all cardiovascular risks, this study 

focuses on developing a flexible, wireless, epidermal ECG device for real-time heart monitoring. 

This proposed study addresses the technical barriers of the existing ECG devices that currently 

limit the ability to offer a flexible, comfortable, tissue-friendly sensing environment, along with 

wireless health monitoring via a soft electronic system.   
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            This study is significant as the ECG device developed in this research is ultrathin and 

lightweight compared to conventional existing ECG devices. The skin-like electrode makes 

conformal contact with the skin providing accurate biopotential from the body. Also, the electrode 

and ECG device's size is small, making it unique and easy to carry. The flexibility of the ECG 

device makes it comfortable for use during daily activities, maintaining the optimum quality of 

signal acquisition. To accomplish the objective, the following specific aims are proposed. 

Aim 1: Fabrication of electrode 

A series of experiments will be conducted to find the optimal electrode placement position on the 

chest. An optimal distance will be identified between two electrodes, giving an identical ECG 

signal as traditional electrodes from ECG lead I and II. 

Aim 2: Fabrication of ECG device 

To develop a flexible circuit capable of transmitting a wireless signal.  

Aim 3: Electrode functionality 

To show the functionality of the fabricated electrode by measuring the contact impedance and 

EMG SNR, with a demonstration of comparable measurement with gel electrode. 

Aim 4: Device connectivity and range 

To show the antenna performance and RSSI of the fabricated circuit to prove its Bluetooth 

connectivity range with wireless devices.  

Aim 5: ECG device functionality 

Attachment of gel electrodes to the fabricated ECG device and collect data to show the device’s 

functionality in a traditional setup. 
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CHAPTER II 

BACKGROUND 

2.1 Overview of ECG 

The heart, which pumps blood throughout the body's circulatory system, is a vital organ of 

the human body. The ECG signal is produced by heartbeats. Electrocardiogram signals, often 

known as ECG signals, are fundamental raw data used to identify and categorize heart function 

depending on heartbeat[15]. The ECG represents the electrical activity of a collection of cells in 

the myocardium. It resembles a vector measurement of electrical potential and is a differential 

reading over the body's surface. The three primary elements of an average ECG waveform are the 

P wave, QRS complex, and T wave [16]. Figure 1 represents the interpretation of ECG waveform.  

 

 

Figure 1. Analysis and Interpretation of the Electrocardiogram [17]. 

By obtaining a differential measurement of the electrical potential on the body's surface at various 

places, multiple ECG vectors may be created. A typical clinical ECG comprises 12 distinct "leads," 

or vectors. Six of these leads are referred to as "frontal" ECG leads because they are in a plane 
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perpendicular to the body. The remaining six ECG leads, referred to as "pre-cordial" leads, show 

images of the heart in a plane horizontal to the body. Figure 2 shows the 12 ECG leads in full view 

[18]. 

 

Figure 2. A representation in vector form of a 12-lead ECG [19]. 

Three separate electrodes are put on the body to create the frontal ECG leads, and a fourth electrode 

may also be used as a reference. These electrodes are often positioned on the left leg, right arm, 

and right arm (RA, LA) (LL). Usually, the right leg is where the optional reference electrode (RL) 

is. Einthoven's triangle is formed by the three sensing electrodes (RA, LA, and LL) [20]. Figure 3 

shows the Einthoven’s triangle. 
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Figure 3. Einthoven’s triangle. Triangle formed by electrodes on right arm, left arm and left leg. 

 

The primary cardiovascular event for the heart to maintain blood flow through the body is 

cardiac output, measured in liters per minute [21]. A regular cycle of relaxation and contraction of 

the heart muscle will maintain the blood volume and contraction strength. An electrocardiogram, 

or heart signal, can monitor a series of electrophysiological events within the cardiac tissue that 

cause this regularity [22]. Therefore, an ECG is the most important non-invasive tool for 

diagnosing heart disease [23]. However, standard ECG monitoring in a hospital setting can provide 

10-second ECG data, which cannot capture brief arrhythmia or other heart conditions. Such 

arrhythmias are captured in continuous ECG monitoring [24]. So, continuous ECG monitoring is 

essential in the early diagnosis and treatment of heart-related diseases, which would eventually 

decrease the mortality rate caused by cardiac diseases. The importance of continuous monitoring 

is discussed below: 
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2.2 Importance of Continuous ECG Monitoring 

 

         Continuous ECG monitoring is vital for patients with cardiovascular conditions and those at 

high risk. The process also enhances self-care and patient engagement in their well-being. It is 

essential to start continuous monitoring of heart rate to diagnose any disease which cannot be 

identified from short-term monitoring of heart rate [25]. Continuous ECG monitoring provides 

long-term ECG monitoring, which helps in ST-segment shift recording, heart rate variability 

determination in patients, and detecting arrhythmias, myocardial ischemia, and changes in cardiac 

events [26]. In addition, continuous monitoring is essential for patients suffering from cardiac 

arrest, acute coronary syndromes, cardiac surgery etc. [27]. For example, in myocardial ischemia, 

the ST segment may elevate or depress, which can determine a patient's prognosis and diagnose 

the condition [28]. Sampson et al. discussed the ST change of a myocardial ischemic patient due 

to elevated blood levels, which was identified by continuous monitoring of ECG [29]. Figure 4 

illustrates the waveform of a typical myocardial patient with elevated ST, which can be detected 

through continuous ECG monitoring. Moreover, various studies have shown that 24-hour ECG 

monitoring is insufficient for detecting rare but clinically relevant arrhythmic episodes, such as 

paroxysmal atrial fibrillation, and that the detection rate might be increased by increasing the 

monitoring period [30-32]. For example, a study by Chua et al. compared arrhythmia detection 

with 14 days and 24h continuous monitoring.  The study found that 14 days of continuous 

monitoring in 6 patients could detect 202 episodes of paroxysmal atrial fibrillation. On the other 

hand, 24h monitoring could only detect 1 episode of paroxysmal atrial fibrillation in 1 patient[33]. 

So, comprehensive ECG monitoring can reveal new ECG features which cannot be unraveled by 

short-time ECG monitoring. 
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Figure 4. Myocardial Ischemia. ST elevation during myocardial ischemia [34]. 

             Another importance of continuous ECG monitoring is HRV analysis. HRV is heart rate 

variation which is the variation of the time intervals in consecutive heartbeats [35]. The interaction 

between the heart and brain produces neurocardiac function, and HRV measures that function [36]. 

Studies have revealed that heart diseases like multiple organ failure, hypertension, heart failure, 

and myocardial infarction are characterized by autonomic dysfunction. Other conditions with high 

HRV indices include Premature Ventricular Contraction, Left Branch Bundle Block, Sick Sinus 

Syndrome, and Congestive Heart Block [37]. HRV measurement is essential as it is a broad and 

comprehensive indicator of cardiac health [38]. Several studies have suggested that continuous 

monitoring can indicate significant cardiac events through HRV analysis [30-32]. Research has 

shown that the accuracy and sensitivity of detecting anomalies in HRV are improved by long-term 

ECG monitoring [39]. For instance, Hayano et al. investigated the assessment of HRV for long- 

term ECG monitoring. They compared the effect of 24h and 7-day continuous monitoring. From 

the investigation, they found that HRV analysis of SDNN, VLF from 7-day continuous ECG 

monitoring showed abnormalities with 2.3-to-6.5-fold increased sensitivities compared to 24h 

monitoring. Also, 7 day ECG monitoring could detect 1.74 to 2.91 times abnormalities compared 

to 24h ECG monitoring through HRV analysis[39]. Also, through HRV analysis, healthcare 
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professionals can detect heart rate changes that may indicate cardiovascular complications. In 

order to compare the heart rate variation between healthy and POTS patients, Swai et al. reported 

patients with postural orthostatic tachycardia syndrome versus healthy participants' heart rate 

variation. They compared the values of rMSSD, HF/LF ratio, and RR interval. They discovered 

that POTS patients had lower HRV than healthy patients in terms of time domain measurement  

[40]. However, if the HRV is too high, there is a higher risk of death, usually found in older adults 

with underlying heart issues [41]. Therefore, heart rate variability analysis is an essential factor 

that can be determined by continuous ECG monitoring.  

         Another study by Berg et al. suggested the average value of SDNN and RMSSD for a healthy 

young person is approximately 56 ms and 63.7 ms, respectively, which is another indicator of 

identifying heart diseases in patients if the value does not fall under the range of healthy person 

[42]. Time-domain indicators of HRV calculate the variability in measurements of the inter-beat 

interval (IBI), the period between consecutive heartbeats [43]. Frequency-domain measurements 

assess the dissemination of absolute or relative power into four frequency bands. They are shown 

in table (1&2):  
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TABLE 1 

HRV TIME DOMAIN MEASURES [44] 

Parameter  Description 

SDNN (ms) Standard deviation of the NN intervals  

SDRR (ms) Standard deviation of the RR intervals 

pNN50 (%) Percentage of successive RR intervals that vary more than 50 ms 

HR Max − HR Min 

(BPM) 
In a respiratory cycle, the average difference between the highest and 

lowest heart rates  

RMSSD (ms) Root means square of successive RR interval differences 
 

TABLE 2 

HRV FREQUENCY DOMAIN MEASURES[44] 

Parameter  Description 

ULF power (ms
2
) Absolute power of ultra-low-frequency band (≤0.003 Hz) 

VLF power (ms
2
) Absolute power of very-low-frequency band (0.0033–0.04 Hz) 

LF peak (Hz) Peak frequency of low-frequency band (0.04–0.15 Hz) 

LF power (ms
2
) Absolute power of low-frequency band (0.04–0.15 Hz) 

HF peak (Hz) Peak frequency of high-frequency band (0.15–0.4 Hz) 
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2.3 Types of ECG Monitoring Device  

 

         There are various kinds of ECG monitoring system present commercially, and the most 

common and existing devices are the 12 lead ECG, Holter monitor and wearable devices. 

2.3.1   12 lead ECG 

 

The 12 lead ECG is the gold standard ECG, as QRS, ST, and T waveforms are accurately 

reproduced by this method. It provides accurate evidence of the P wave and QRS complex shape 

that is not visible on a single-lead ECG [45]. The 12-lead ECG displays the electrical activity of 

the heart on two planes. From the edges of a frontal plane, the six limb leads (I, II, III, aVR, aVL, 

and aVF) show the heart as if it were flat. In standard limb leads (I, II, and III), voltages are 

measured between the left arm, right arm, and left foot in three combinations. Bipolar leads have 

positive and negative poles because electrons move in this direction. Through a central negative 

lead, 3 augmented leads (aVR, aVL, and aVF) measure the difference in electrical potentials 

between the right and left arms and left foot [46]. A 12-lead ECG can detect and locate potentially 

life-threatening arrhythmias in a hospital setting. A 12-lead ECG is also capable of monitoring the 

consequences of long-term hypertension and helps clinicians determine what therapy should be 

given to individuals. For example, 12-Lead ECG can consistently identify ST segment pattern 

change after angioplasty with maximum signal accuracy. In bedside monitoring and conventional 

electrocardiography, the 12-lead ECG recording may be a unified signal collection strategy 

suitable for identifying practically all cardiac disorders [45].  

However, there are some disadvantages of 12 lead ECGs. Using 12 electrodes with lengthy 

lines can sometimes be problematic since it interferes with ECG signals. The most significant 

limitation of 12 lead ECG is its number of electrodes and its bulkiness, which can cause discomfort 
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to patients to wear for longtime heart monitoring. Figure 7a demonstrates the 12-lead ECG setup, 

which presents the disruption of patient movement. In addition, more electrode wires catch more 

noise caused by limb movement, making interpretation difficult. It is also tricky during 

emergencies to place electrodes quickly and accurately [8].  

2.3.2 Holter Monitor 

 

The Holter monitor is another ECG device used to monitor the heart's activity over 24 to 

48 hours. This electrocardiogram is worn on the chest to record heart rate and rhythm. This device 

is smaller than the 12-lead ECG device [47]. Irregular heartbeat, arrhythmia, diagnosis, or 

monitoring requires wearing a Holter monitor for a day or two [48]. The Holter monitor aids in the 

management of individuals at risk for paroxysmal atrial fibrillation, atypical stroke, and recurrent 

syncope, according to Galli et al. [49]. It usually uses three leads to collect ECG data. The data 

collection duration could range from 24-48 hours to 1-2 weeks [50]. Holter monitor offer an 

advantage over regular ECGs in that an ECG might miss irregular heartbeats if they do not occur 

during the brief opportunity to take the ECG. The Holter Monitor is more likely to detect these 

irregular patterns when the continuous monitor is on [51].   

However, there might be better choices than the Holter monitor if you need emergency 

care for heart symptoms [47]. Even though Holter monitors provide a more comprehensive view 

of heart activity, they have drawbacks. Holter monitors, which require patches, wires, and skin 

preparation, are usually inconvenient and uncomfortable. Moreover, carrying the Holter machine, 

which is shown in Figure 7b can be uncomfortable for a long time wearing [52].  
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2.3.3 Comparison between ECG Signal Collected from Bioradio with Short Wire and Long 

Wire of Electrode 

The idea of making a wireless electrode for ECG measurement comes from the issues 

caused by long wires of electrodes used in traditional ECG measurement settings. For example, 12 

lead ECGs use long wire electrodes to measure ECG, making patients uncomfortable and 

hindering their natural movement[7]. Also, long wires produce noise during movement and 

activities, making the signal difficult to interpret. An experiment was conducted to prove this 

hypothesis. For this experiment, ECG signal was collected during activities like resting, walking, 

and jogging with long-wire and short-wire electrodes. The participant walked and jogged at 1.5 

mph and 4.5 mph, respectively. Figure 5 shows that for the resting condition, the P, Q, R, S, and 

T waves were evident for both long and short-wire electrodes. However, in the case of walking 

and jogging, the ECG signal with a long wire produce much noise, which damage the P, Q, R, S, 

and T wave of the ECG signal. On the other hand, ECG signals collected with short wire electrodes 

produce quality signals with all the waveforms P, Q, R, S, and T, even for walking and jogging. 

Therefore, this experiment shows that the electrode wire's shortening greatly influences the ECG 

signal. However, the short wire will still have some problems in the case of ambulatory monitoring 

for a more extended period. The device must be held in hand all the time, and there will be the 

necessity of using gel electrodes to attach it to the skin, which is unsuitable for long-term wearing 

for ambulatory monitoring as they might cause skin irritation. Also, the gel gets dried over time 

and loses connection with the skin [7]. A study by Deswysen et al. presented reports of skin 

problems caused by the gel electrodes used for electrocardiogram monitoring. The patient had to 

undergo continuous ECG monitoring due to a heart condition. After using the gel electrode for a 

long time, the patient developed a vesicular lesion [53].  Figure 6 shows a demonstration of the 
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gel electrode causing skin irritation after use for extended periods. So, in this study, the goal is to 

make a wireless ECG device with skin-like an electrode that will not require any bulky wire and 

provide conformal contact with skin.  

 

Figure 5. Comparison of collected ECG data for ambulatory monitoring during resting, walking 

and jogging between Bioradio with short wire and long wire. 
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Figure 6. ECG electrode reaction with skin [53] 

2.3.4    Wearable ECG Devices    

       

            As technological improvements grow increasingly ingrained in daily life, consumers use 

consumer-grade software and hardware devices to monitor their health. Smart wearables are low-

cost networked electronic devices that may be sewn into clothing or worn as an accessory on the 

body. Many wearable ECG devices are commercially available. ECG patches, chest straps, 

smartwatches or bracelets, tattoos, etc., are a few examples [54]. Wearable ECG devices are 

advantageous in many cases. For example, consumers may buy directly from the manufacturer, 

there is less direct contact with clinical staff, and the cardiovascular state is tracked over time, in 

real-time, and continuously. Wearable devices increase patient compliance, as they are easy to 

wear and give real-time monitoring.          

            However, existing smart wearable devices lack an accurate analysis of heart rate as they 

use rigid material that cannot bend with skin structure, producing a gap between skin and device; 

as a result, there is no conformal contact with the skin. It obstructs the collection of accurate signals 

[55]. When there is movement, the sensor's attachment to the skin is disrupted, which results in 

signal loss. Figure 7c shows the gap between the watch and the skin. Another disadvantage of 

wearable devices is that they use adhesives or gel to attach to the skin. If the band with adhesives 
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is worn for an extended period, it tends to dry up and lose its bond with the skin [56]. Figure 7d 

shows a band, a wearable device for ECG monitoring using adhesive to attach to the skin. 

 

Figure 7. Different types of ECG device: a) 12 lead ECG placement[57], b) Holter monitor[58]  

c) Wearable smart watch [59] d)Wearable ECG patch [60] 

            Although various existing ECG devices are commercially available, they have several 

limitations. The most prominent disadvantages are the bulky material, rigid electronics, adhesive 

use, and inaccurate analysis of the ECG data. Current monitoring systems that have been used for 

a long time, like the 12-lead system, are not suitable for continuous and long-term biopotential 

monitoring; instead, they are only suitable for hospital settings. In addition, users can feel 

discomfort for long-term wearing, and the gels of electrodes get dried with time, compromising 

the signal quality. Also, the outsized device is suitable for flat surfaces like the chest, forearm, 

thigh, forehead, etc., but not all surfaces.  
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             However, current research has focused on new materials and mechanics to develop fully 

integrated electronics with skin to address these issues. Research is being conducted on a recent 

technology called epidermal electronics, a way of making a skin-like wearable device that will 

have conformal contact with skin, be lightweight, and provide long-term continuous monitoring 

with accurate analysis of ECG data. Therefore, an epidermal electronic system (EES) would be 

better for the proposed wearable ECG device. 

2.4 Epidermal Electronics   

          

           Epidermal monitoring devices would be more convenient for continuous use outside the 

hospital than conventional devices. It is a class of electronic systems that offer fabricated device 

material interface to the skin and integrated electronics for signal amplification [61]. The materials 

and overall characteristics, such as physical properties, area mass density, mechanical modulus, 

and thickness of EES, are similar to the epidermis. As a result, they have direct lamination with 

the epidermis or on the skin's surface, which leads to intimate conformal contact by van der Waals 

adhesion. The direct lamination of the epidermal electronics to the skin provides high-quality 

biopotential acquisition [62].    

2.4.1 Theoretical Background 

          Existing wafer-based technologies are unsuitable for achieving conformal contact with the 

skin due to their rigid material like caps, glues, tapes, and belts. The thickness of these materials 

hinders the accurate collection of the data from the body as they are only attached to the skin 

surface without forming conformal contact with the skin. Adhesion and contact area decide the 

EES adheres with the skin. The work of adhesion determines the contact between the device and 

skin for the EES/skin interface [63].  
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           An EES's ability to adhere to the skin is influenced by its work of adhesion and contact 

area. EES/skin interface contact between device and skin is characterized by its work of adhesion 

𝛾𝑑𝑒𝑣𝑖𝑐𝑒/𝑠𝑘𝑖𝑛, while the contact between silicone and skin is characterized by its work 

of 𝛾𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒/𝑠𝑘𝑖𝑛. Thus, EES and skin are averaged for effective adhesion work as 𝛾 =

𝛼𝛾𝑑𝑒𝑣𝑖𝑐𝑒/𝑠𝑘𝑖𝑛 + (1 − 𝛼)𝛾𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒/𝑠𝑘𝑖𝑛, where 𝛼 is the device area function. The effective work of 

adhesion is simplified to 𝛾 ≈ (1 − 𝛼)𝛾𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒/𝑠𝑘𝑖𝑛 because there is a relatively weak adhesion (∼

0) between the device and the skin. A sinusoidal form can be used for calculating the skin's surface 

using equation (1)[64] 

𝑦(𝑥) =

ℎ𝑟𝑜𝑢𝑔ℎ [1 + cos (
2𝜋𝑥

𝜆𝑟𝑜𝑢𝑔ℎ
)]

2
 

With skin roughness amplitude ℎ𝑟𝑜𝑢𝑔ℎ and wavelength 𝜆𝑟𝑜𝑢𝑔ℎ. 

 

Figure 8. Mechanics model analyzing the contact between EES and the skin, comparing the total 

energy of non-conformal contact state (top) and that of conformal contact state (bottom)[64] 

(1) 
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            Here, ℎ𝑟𝑜𝑢𝑔ℎ  is considered skin roughness and wavelength 𝜆𝑟𝑜𝑢𝑔ℎ as wavelength (Figure 8). 

The interfacial contact between skin and EES can be categorized as conformal and non-conformal. 

Figure 8 shows two types of contact; for the first type, the non-conformal contact between the EES 

and the skin, their total energy will be    U̅non − conformal  = 0  since the former keeps a flat 

surface and has a very tiny contact area(∼ 0). For the second type, conformal contact involves 

deforming EES and skin to have the same total displacement as the skin roughness 𝑦(𝑥). 

Therefore, the EES and skin surface displacements can be clarified using equations (2) and (3). 

𝜔(𝑥) =
ℎ

2
(1 + cos

2𝜋𝑥

𝜆𝑟𝑜𝑢𝑔ℎ
) 

𝑢𝑥(𝑥) = 𝑦 − 𝜔 =
ℎ 𝑟𝑜𝑢𝑔ℎ − ℎ

2
(1 + cos

2𝜋𝑥

𝜆𝑟𝑜𝑢𝑔ℎ
) 

Moreover, conformal contact occurs when the adhesion energy exceeds the sum of the bending 

and elastic energies. According to the theoretical study in Figure 9b, the critical membrane 

thickness for EES is 25 mm. EES with membrane thicknesses below this crucial value will form 

conformal contact with the skin. Results from the analysis are qualitatively consistent with those 

in Figure 9a. For example, a 5 mm-thick membrane forms good conformal contact with a polymer 

surface shaped like human skin (forearm). There are air gaps at the interface of membranes with a 

thickness of 36 microns; however, membranes with a thickness of 100 microns and 500 microns 

have decreasing regions of contact, particularly at wrinkles and pits [63]. 

 

(2) 

(3) 
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Figure 9. Conformal and non-conformal contact: a) Image showing the cross-sectional view which 

presents conformal contact between a silicone replica which is the surface of the skin (grey) and 

various elastomer membrane substrates (blue) thickness for EES. b) Calculation of the energy 

associated with the interfacial contact (Uinterface) between a representative skin surface and a 

membrane substrate as a function of thickness [65]. 

2.4.2   Materials of Epidermal Electronics  

           Integration of wearable sensors with human skin requires the sensor material's soft, 

stretchable mechanical properties. Skin sensors must meet specific material criteria to be 

compatible with skin [64], such as being ultrathin, conductive, lightweight, and stretchable. For 
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wearable sensors, it is crucial to create a soft conducting material because skin and electronics do 

not mix well. 

          Skin sensors fall into one of two groups [65]. Elastomers, liquid metals, and composite 

materials are examples of one type of stretchy material. Solid metals, semiconductors, polymers, 

and inorganic compounds, which are hard in bulk form, are some unusual, stretchy materials [66].  

           For example, liquid metal under stretchable material has low resistivity, toxicity, and 

viscosity [67]. Devices made of liquid metals can endure high stress, up to 800% at microchannel 

distortion [68, 69]. Examples of liquid metals which have the characteristics mentioned above are 

eutectic gallium-indium (eGaIn) and gallium-indium-tin (Galinstan). Liquid metals can fabricate 

sensors like strain, pressure, and antennas. Conductive polymers are another example of 

stretchable materials used to develop flexible electronics. Conductive polymers help to improve 

resistivity with strain. Examples of conductive polymers are metal nanowires, nanoparticles, and 

graphite [68, 70, 71]. In addition, the applications of one-dimensional (1D) and two-dimensional 

(2D) materials have a significant influence on making stretchable electronics [72]. 1D and 2D 

materials can improve the capabilities of sensitive biochemical sensing and significant interfacial 

adhesion when used as sensors [73]. Carbon nanotubes, graphene, etc., with high mechanical 

stability and electron mobility, are examples of 1D and 2D materials [74, 75].  

              Another type of material is solid metal, which falls under hard conductive material and 

becomes flexible if used as a thin film. Examples of solid metals in skin sensors include Cu, Au, 

Cr, Ti, Al, and Pt. They are used for conductive interconnects, electrodes, sensors, contact pads, 

and other circuit components like resistors, capacitors, and inductors [68].          
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             Polymers are another material that can provide mechanical and electrical support to skin 

sensors. They have various uses, including structural layers, dielectric layers, and electrical 

insulation layers. For example, parylene, polyimides, and PMMAs are excellent dielectric 

materials [68].  

          The materials mentioned above are ideal for skin sensors, or epidermal electronics, as they 

have biocompatible characteristics and can be fabricated to provide practical compatibility with 

human skin. So, to develop skin sensors, materials with the same quality should be chosen [68]. 

For this study, copper material was used because they are cost-effective. Also, copper has better 

conductivity and stability and can be found as thin films. Table 3 lists the general characteristics 

of the materials for epidermal electronics. 

TABLE 3 

CHARACTERISTICS OF MATERIALS FOR EPIDERMAL ELECTRONICS 

Youngs module  0 to 1012 Pa[66] 

Thickness tens of nanometers to tens of micrometers.[66] 

Liquid metal deformation strain Upto 800%[76] 

High conductivity 104 to 107 ohm-1 m-1  [77] 

      

2.4.3 Fabrication Techniques of Epidermal Electronics 

 

                  There are different approaches to fabricating epidermal electronic materials. Some of 

them are screen printing, inkjet printing, and gravure printing. Another approach for fabricating 

epidermal electronics is MEMS technology. MEMs technology has been used to fabricate ECG 

electrodes by different researchers. For this study, MEMs technology has been used to fabricate 
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the ECG device and electrode. In this section, the fabrication techniques will be discussed which 

are used to develop epidermal electronics [68].  

2.4.3.1 Microfabrication Process 

 

           MEMS technology integrates mechanical elements and electronic components on a 

common substrate utilizing a microfabrication process. MEMS technology is used in various 

applications, for example, optical transmitting, pressure sensing, oscillators, etc.[78]. There are 

three different types of widely known fabrication methods in MEMS technology. They are Surface 

Micromachining, Bulk micromachining, LIGA (Lithography, Galvanoformung (electroforming), 

and Abformung (molding). Surface micromachining creates thin mechanical components and 

systems by depositing, designing, and etching thin coatings on the surface of a substrate. In the 

case of bulk micromachining, a substrate is etched to create 3D mechanical components, including 

channels, chambers, and valves. Surface and bulk micromachining enable the manufacture of 

sophisticated mechanical devices in conjunction with wafer bonding. For the high aspect ratio 

structures required for specific kinds of MEMS devices, LIGA procedures combine collimated x-

ray lithography with electroplating and molding techniques [68].  

            Moreover, in recent years both from a scientific and an industry standpoint, biomedical or 

biological micro-electro-mechanical systems (BioMEMS) have demonstrated a significant 

promise for the biomedical sector. Advanced treatment, tissue engineering, and diagnostics are the 

most potential application areas. [79, 80]. Moreover, new wearable device prospects are being 

created by novel sensors for human biological signal capture, wireless communication, and low-

power solutions, enabling and ensuring continuous monitoring and users' comfortability [78]. One 

emerging application of MEMs based device is in healthcare, especially in the diagnosis purpose 

of ECG. In many situations, sensor technologies can produce actual results and serve as a crucial 
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decision-support tool before looking for official clinical intervention and care [78]. Studies on the 

creation of MEMS-based ECG devices have been done. For example, Yu et al. developed a 

MEMS-based bioelectrode for ECG measurement. Photolithography created a micromachined 

physiological recording electrode for Electrocardiography (ECG) measurement with hollow 

microneedles. The fabrication included three-step, fabrication of microneedles, etching of hollows, 

and back reservoir formation. Figure 10a demonstrates the illustration of the fabrication process. 

The fabricated electrode was integrated into a miniaturized PCB board. They measured ECG with 

their developed microneedle. Figure 10b shows the fabricated microneedle and the collected ECG 

signal (Figure 8c). However, the fabricated microneedle use requires piercing the body, which 

might not be comfortable for children and older adults. The fabrication process included spray 

coating of the photoresist instead of spin coating. Spray coating is much more expensive than a 

spin coating, making the process unsuitable as a cost-effective fabrication method [81]. Another 

study of MEMS technology-based ECG sensors was conducted by Kim et al.. The study developed 

a flexible ECG sensor using printed circuit (FPCB) (Figure 8e) and microelectromechanical 

systems (MEMS) technology. The fabrication process is illustrated in fig. 8f. Here, the spin 

coating, Ti/Cu deposition, electrode pattering, and etch release are shown. Figure 8g shows that 

they could obtain an ECG signal from the sensor. However, the sensor has some limitations. The 

fabrication process included total of 7 hours of curing, which is quite time-consuming, and the use 

of Titanium also makes the process expensive. Also, the size of the sensor is not reduced, and if 

they tried to reduce the size, the signal quality was compromised [82].  
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Figure 10. Example of MEMS based ECG sensors. (a) Fabrication steps of silicon die with hollow 

microneedles, (b) Fabricated electrode with microneedles, [81] (c) ECG measurement (d) 

Fabrication steps of ECG sensor, (e) ECG sensor, (f) ECG measurement with sensor diameter of 

4mm. (g) ) ECG measurement with sensor diameter of 2 mm [82].  
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               Considering the limitations of the existing MEMS technology, this study made 

improvements in the fabrication process. Instead of spray coating, the spin coating was done for 

the uniform coating of polyimide. Also, the curing time is much lower than the conventional 

fabrication process. Overall, the fabrication process is much more straightforward and produces 

smaller, lightweight devices. A brief description of general microfabrication is given below: 

           Microfabrication technology, which focuses on the downsizing of engineering systems, has 

developed from the well-established process technology in wearable device fabrication. The 

design was produced using microfabrication methods such as thin film deposition, layer forming, 

photolithography patterning, and etching. One crucial step in the acquisition of flexible MEMS 

devices is transfer printing. Before being transferred to the receiving substrate via a PDMS stamp, 

the target device is first constructed on the substrate that will serve as a donation. This method 

assembles several materials, including carbon, metals, and semiconductors. This method is an 

efficient technique for fabricating LED transistors [83] and integrated circuits [84, 85]. 

 

Figure 11. Microfabrication flow chart 

Microfabrication techniques involve photolithography and wet etching. 

2.4.3.1.1 Photolithography 
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             Photolithography is the most common type of lithography. A design is transferred to a 

photosensitive polymer by exposing a pattern to a light source while wearing an optical mask (a 

photoresist). Figure 12 demonstrates the photolithography process where a light-sensitive 

photoresist is only selectively illuminated using a mask with opaque sections in the desired pattern. 

The type of photoresist used will determine whether it becomes soluble (positive photoresist) or 

crosslinked (negative photoresist) following exposure to UV light, producing the correct pattern 

when developed [86]. Complex, multilayered formations result from the precise alignment of 

consecutive sets of photomasks and the exposure of these subsequent patterns. 

 

Figure 12. Photolithography process [86] 

            Photolithography has significant advantages, as the capacity to resolve more minor features 

has improved. Micro Electromechanical Systems (MEMS)-driven research on high-aspect-ratio 

resist features is also being investigated, as opposed to previously employed two-dimensional 

techniques. It is particularly critical for making microfluidic molds [87]. It is a suitable technique 

for creating microstructures and maintaining their stability.  
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           The downsides of photolithography include the high cost of the machines and the 

requirement for access to a clean room or chamber with dim lighting that inhibits UV radiation, 

particularly for photolithography [88, 89]. 

2.4.3.1.2 Wet Etching 

 

           Wet etching, commonly known as chemical etching, is the most basic etching method. It 

comprises removing material chemically using a liquid reactant. It might be a chemical that 

dissolves the etching agent or a chemical combination that first oxidizes the surface before 

removing the oxide. The sample is immersed in an etchant solution container for chemical etching. 

A container filled with a liquid solution is required to dissolve the item. The solution is submerged 

in the partly shielded substrate, which chemically etches the exposed substrate's surface. (Figure 

13) [90]. One of the advantages of wet etching is the higher etching rate which can reduce the 

fabrication time [91]. 

 

Figure 13. Wet etching process 
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Some other fabrication techniques are discussed below: 

2.4.3.2 Screen Printing 

 

         The screen-printing technique is suitable for preparing skin sensors at a low cost. When a 

screen meshes are open and have pores with a size between 10 and 200 microns, a flood blade that 

can travel over the screen fills it with ink [92, 93]. The ink in the mesh is pushed to the substrates 

when the squeeze travels in the other direction (Figure 14). Finally, the substrates' adhesion power  

pulls the ink downward, creating patterns. Antennas, metal conductors, and thin film transistors 

are just a few examples of the flexible and stretchy electronic components that may be made using 

these manufacturing processes[68]. 

 

Figure 14. Screen printing illustration[94] 

        This process is advantageous due to its low fabrication cost. It can print single or assembled 

layers onto soft materials such as fabrics and plastic films.  

         However, a limited selection of ink material is a limitation of this approach. Also, solvent 

evaporation influences short processing time and results in low resolution [68]. 
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2.4.3.3 Inkjet Printing 

 

          Inkjet printing, which uses flexible substrates and does not require a photomask, is an 

alluring production approach for electronic components. Inks with dissolved compounds and 

nanoparticles may be applied using an inkjet nozzle that operates on piezoelectricity and aerosol 

principles. This process uses various passive components, including resistors and capacitors, to be 

printed on a substrate. Active components like LED and thin film transistors have been produced 

using this technology [68]. 

 Inkjet printing may be divided into two broad groups, according to Martin et al. Continuous and 

drop-on-demand operations are the primary types. As the name implies, the continuous inkjet 

method involves the formation of drops from an inkjet continuously flowing and pushed out of a 

nozzle under pressure. The image (Figure 15a) shows the single-jet setup below [95]. 

            Another important inkjet technique is "drop-on-demand." A drop of ink is ejected when it 

is needed to generate the picture via drop-on-demand print heads, which have a variety of nozzles. 

The operation of each nozzle is schematically shown in Figure 15b below. A fast change in the 

cavity volume caused by an actuator gives the ejected drop considerable momentum [95]. 

 

Figure 15. Inkjet Printing. (a) Inkjet Printing Continuous process, (b) Drop on demand 

process[95] 
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            Inkjet printing is a quick prototyping tool for laboratories with innovative control 

electronics and nozzle technology.  

            Low printing speed, however, causes printing issues for intricate structures like serpentines 

and meanders. Nozzle clogging is an additional limitation of this process [68]. 

TABLE 4 

SUMMARY OF FABRICATION TECHNOLOGY 

Types Definition Limitation 

Screen printing process A flood bar spreads the ink 

over the screen, and a 

squeegee is used to transfer 

ink through the screen[96] 

Low resolution, Limited ink 

variety, solvent evaporation 

[68]. 

Inkjet printing process Direct deposition of 

functional ink onto substrates 

[97] 

Low printing speed, Nozzle 

clogging, Ink solubility 

problem [68]. Unable to 

withstand high temperature 

and pressure, scalability [98] 

Microfabrication process Developing structures with 

micro to millimeters 

dimensions [100], facilitating 

integration of micro materials 

in different layouts [99]  

 

Time consuming [88, 89] 
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             The main benefit of the microfabrication method is that it is more appropriate for 

producing microscale features than other fabrication processes like inkjet, gravure, and screen 

printing [101]. It is more convenient than inkjet, gravure, and screen printing, as it does not face 

the problem of nozzle clogging and solvent evaporation. Also, ink cannot withstand high 

temperatures, as there is a risk of solvent evaporation and low resolution of the pattern. However, 

the microfabrication process can withstand high temperatures during device preparation due to the 

material property of the solid metal used in fabrication [68]. Also, the microstructure formation is 

much higher in quality than screen or inkjet printing. Microfabrication helps in achieving 

controlled microstructure with nanoscale dimension. This process helps to integrate rigid material 

into flexible skin sensors. The microfabrication procedure is employed in this work to prepare a 

wearable ECG device in light of all the difficulties associated with existing fabrication 

techniques.     
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CHAPTER III 

MATERIALS AND METHODS 

3.1 Electrode Placement Position 

             The Einthoven triangle is the key to electrocardiography's subject [102]. Usually, there are 

twelve electrodes in ECG measurement. A lead is the distance between two electrodes on a limb 

(arm or leg). Einthoven assumed the leads connecting the three limb electrodes—the left leg and 

the two arm electrodes—are "standard lead I, II, and III." Hence, Einthoven's triangle refers to the 

connection between the conventional leads, and the heart's electrical axis is identified using 

Einthoven's triangle [103]. In this investigation, positive and negative electrodes for Lead I and II 

were positioned on the chest to determine the ideal electrode position by replicating Einthoven's 

triangle. The electrodes were placed at four different distances. They were 1.5cm, 3cm, 6cm, and 

12cm distances between positive and negative electrodes. Electrodes on the chest (lead I and II) 

monitored ECG signals, including PQRST waves, and those signals were simultaneously 

compared with ECG signals from traditional ECG leads. This assessment helped to find minimal 

distances between electrodes for device placement while retaining the same quality of ECG signals 

with traditional ECG leads.  

An illustration of the experimental setup is shown in Figure 16. In the Figure 16, both traditional 

and new electrode positions are shown with blue and black color respectively. 
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Figure 16. Illustration of experimental setup for compact electrode position determination 

3.2 Designing the PCB Circuit 

              The open-source software tool KiCAD was used to create the flexible ECG device. It 

provides the PCB circuits' electronic schematic layout. KiCAD comes with a great selection of 

programs, including KiCAD, Eeschema, PCBnew, and others. KiCAD can make complex 

electronic boards with no board size limitations [104]. In this study, the PCB circuit was designed 

with 33.22mmX 23.35mm dimension (Figure 17), which serves as a prototype for circuit 

fabrication. The design includes an F-inverted antenna for the wireless transmission of signals. An 
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nRF52 (Nordic Semiconductor) was used to support Bluetooth low energy for faster data transfer 

to a portable device.    

          

Figure 17. PCB circuit design 
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3.3 Circuit Components 

The components used in developing the circuit is listed in Table 5. 

TABLE 5 

LIST OF CIRCUIT COMPONENTS WITH THEIR QUANTITY AND VALUE 
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3.4 Microfabrication Process 

 

          Microfabrication process was used to fabricate the miniaturized circuit and electrodes for 

the proposed device. Microfabrication is becoming more and more important in current science 

and technology. The capacity to construct new microstructures or reconstitute existing structures 

in smaller sizes opens many technological doors. Microelectronics is one of the most prominent 

examples. MEMS microstructures have quickly grown to merge electronics with monitoring, 

actuating, and regulating tools for engineering applications [105]. The basic microfabrication 

process consists of substrate preparation, photolithography, wet etching, reactive ion etching, and 

substrate transfer to water-soluble tape [106]. Overall, the total thickness of the circuit would be 

12um, and the total thickness of the electrode would be around 4um. 

         The microfabrication process for both circuit and electrode is described in detail below and 

Figure 18 and Figure 19. The process is similar for the circuit and electrode except for the pattern 

design. Also, electrode preparation does not require component mounting. It only requires pickup 

and transfer after patterning the second insulating layer.           

A. Substrate preparation 

For the preparation of the substrate, a glass slide of 3.5 X 2.5” (Large glass slide, Brain research 

laboratories) dimension was used. Selecting a suitable substrate for the microfabrication process 

is essential as it should withstand a certain temperature resistance[107]. After that, a piece of 

copper was cut into the size of 3” X 2” from a copper sheet and attached to the substrate with the 

help of Kapton tape. Copper is mainly used to fabricate circuits and electrodes, as copper is 

considered an excellent conductor of heat and electricity. Other properties of copper which makes 

it suitable for preparing soft electronics are its malleability and ductility. Then, polyimide was 
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spin-coated over the substrate and copper film. Polyimide was used as it has high mechanical 

strength in a mixture with high temperature, corrosion, and resistance[108]. It also has high 

mechanical stability, flexibility, toughness, and low density [109]. Polyimide or PI 2545, 

MicroSystems™) has many applications in flexible substrates, LED and memory devices, flexible 

printed circuits, and electrodes [110]. For the circuit preparation, two PI layers were spin-coated 

separately using a spinner. The spinner helps achieve the desired thickness of the substrate, which 

is 1.5 um thickness for each PI layer. A small amount of PI was given in the center of the copper 

to make a uniform coating layer on the substrate. After that, the coating was soft baked on the hot 

plate so that solvent of the PI layer was evaporated, making the surface non-sticky and resistant. 

After that, the substrate was cooled down, followed by hard baking. Then, Sorta-Clear™12 (Sorta-

ClearTM12; Smooth-On, Inc.) was used platinum-catalyzed silicones with a wide range of 

applications mixed at 1A:1B ratio by weight or volume and cured with slight shrinkage at room 

temperature. A thin layer of Sorta-Clear™12 was spin-coated on a thin glass slide. It has a 40-

minute shelf life, a 30-minute pot life, and 4 hours of cure time. Later the Sorta-Clear™12 coated 

thin glass slide was placed on top of the copper sample prepared in the beginning. The sample was 

placed inside the vacuum oven to remove the air bubbles trapped under the glass slide and then 

cured for at least 2 hours at room temperature. The backing layer of the copper film in the sample 

was then removed after cutting the copper film around the thin glass to get the sample  

B. Photolithography 

Following the removal of the backing layer, the sample was subjected to photolithography to 

generate a detailed pattern on the substrate by transferring the planned circuit from the photomask 

to the Copper substrate's surface. The substrate's surface should be clean before beginning the first 

phase of photolithography. Then, after soft baking and cooling, HMDS was spin-coated on the 
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cleaned surface of Copper to guarantee that the substrate surface is hydrophobic and aid promote 

optimal photoresist-to-substrate adhesion [111]. The sample was then spin-coated with photoresist 

AZ P4620 (AZ Electronic Materials) to build a patterned coating on a surface. Also, to generate a 

consistently layer, baking was performed to drive out excess photoresist solvent, and the sample 

was cooled down. After that, a photomask was applied to the sample to create the desired pattern 

on the substrate, which was then subjected to UV radiation for 60 seconds using the Mask Aligner 

(OAI Hybralign 200 mask aligner). The exposure is required to modify the solubility of the 

photoresist, allowing for selective resist removal in the next step. Finally, the pattern was created 

because light exposure causes a chemical shift that permits a developer solution (Mixing AZ400K: 

DI water) to be created in a 1:3 ratio. The developer is used to remove the remaining photoresist. 

C. Wet etching 

When photolithography is completed, Cu circuit designs are developed using an etching procedure 

to remove a piece of the thin Cu layer sheet. The copper film was etched using a liquid-phase Cu 

etchant (APS Copper Etchant 100, Transene electronic chemicals). The substrate was immersed 

in a bath of Cu etchant for a set amount of time to remove unnecessary copper patterns before 

being transferred to another tank with DI water for rinsing and removing air bubbles on the circuit. 

Later, the residual photoresist on the substrate was removed using acetone, and the sample was 

washed with DI water and dried with N2 gas once the etching was done. 

D. Surface activation 

Later, RIE (Reactive Ion Etching, March Instruments) was utilized, an etching process that uses 

chemically reactive plasma to remove material from substrates. Under low pressure, an 

electromagnetic field forms plasma (vacuum). High-energy ions from the plasma strike the 
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substrate surface, causing it to react [112]. After that, a PI layer is spin-coated with soft baking 

and then hard-baked for at least 4 hours in a vacuum oven at a maximum temperature (250°C). 

The photolithography procedure was repeated to align the second photomask, which had 

previously been positioned and subjected to UV light for 60 seconds. Finally, PI patterns were 

created by developing the pattern with the developer and dried etch. The circuit alignments may 

be checked under a microscope to ensure that the pattern cover at least 75% of the allocated Cu 

contact pads. Finally, after the etching is completed successfully, the sample is fluxed to examine 

the color shift and washed with acetone to remove any remaining photoresist. 

E. Pickup and transfer 

For electrode fabrication, after the dry etching of PI, the substrate was kept in the acetone bath 

overnight in a sandwich structure. Next, the pattern was transferred to the water-soluble tape.  

F. Mounting components 

After completing the microfabrication process, mounting the components was started using solder 

paste (SMDLTLFP, Chip Quik) by adding a small amount on the Cu contact pad and started 

placing the components in their proper place. Flux (SMD291, Chip Quik) was added to remove 

the excess solder paste with a wire that was around the components. A Soldering Iron (AOYUE 

Preparing System) was used to attach the copper and jump wires to their sites. 



42 

 

 

Figure 18. The step-by-step microfabrication process and design of a flexible circuit. 
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Figure 19. The step-by-step microfabrication process and design of a flexible electrode 

3.5 Antenna Performance 

            The human body's dispersion and absorption of electromagnetic waves significantly 

influence the antenna's radiating qualities[113]. Due to the relationship of skin-wearable devices 

with skin, an attempt was made to ensure the antenna's performance, which is too sensitive to the 

environment. By measuring S11, the reflection coefficient may show how much power is reflected 

from the antenna. The probe was connected to the ground and T-matching network to perform 

impedance matching and evaluate the frequency of the signals in this experiment. Despite the 
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proximity, the T-matching network was constructed with empirically estimated passive 

components to improve RF efficiency at 2.45 GHz. The following picture shows an example of a 

T-matching network that permits correct impedance matching by changing the connection between 

source and load. Also known as source and load impedance matching, impedance matching is 

essential in RF circuits that must be matched to minimize standing waves. Increase effective power 

transmission from the source to the load by reducing signal reflection [114]. An electrical signal 

is typically a one-way phenomenon that flows from one component's output to another 

component's input or from a source to a load. However, in RF design, we must constantly 

remember that signals can flow in both directions: from source to load, yes, but also from load to 

source due to reflections [115]. As a result, a matching network was used to determine the 

matching impedance between the source and load. For example, a power amplifier and an antenna 

enabled the most significant amount of power to flow from source to load [116]. Reactive 

components, rather than dissipating energy, are used in most matching networks. If energy-

dissipating components were added to the matched network, they would absorb some of the power 

that would otherwise be supplied to the load. Capacitors and inductors, rather than resistors, are 

commonly utilized in matching networks. Figure 20 shows the experimental setup of the antenna 

performance test. Here, the vector analyzer was used to measure the frequency and magnitude of 

the antenna. Also, Figure 20 shows the connection between the vector analyzer and the antenna 

probe. 
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Figure 20. Experimental setup of antenna performance 

3.6 Flexibility Test 

 

             Conformable sensors, biodegradable electronics, and other atypical applications require 

flexible electronic circuits. Strain-induced damage to the active circuit components limits the 

smallest radius into which a circuit may be bent to a few millimeters [117]. Since effective device 

performance demands high degrees of mechanical flexibility, sensing capabilities, and user-

friendly simplicity, integrating soft and biocompatible materials with tiny wireless wearable 

devices is undoubtedly an appealing proposition [118]. Here, the flexibility of the device was 

shown in two ways. One is the full bending of the circuit by wrapping it around the different radii 

of curvature of the cylinder. Another way of showing the circuit flexibility was partial bending by 

using another structure with a different radius of curvature. The cylinder and other structures with 

different radii of curvature were made using a 3D printer to validate the dimensions and 

measurements of the 3D printed structures. The full bending of the circuit was shown with 4 

different cylinders having 5, 4, 3, and 2mm radii of curvature (Figure 21). 4 different radii of 

curvature were used with 4, 3, 2, 1 mm to show partial bending of the device. 

Vector  

analyzer 

Circuit 

Antenna probe 
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Figure 21. 3D printed cylinder structure with 4 different radii of curvature 
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CHAPTER IV 

RESULTS AND DISCUSSION 

4.1 Discover Electrode Placement Position  

 

Three electrodes monitored ECG signals from PQRST waves on the chest (leads I and II), 

and those signals were simultaneously compared with ECG signals from conventional ECG leads. 

This analysis assisted in determining the distances between electrodes that might be used to find 

the optimal device placement position while maintaining the same quality of ECG signals with 

conventional ECG leads. Four distances between positive and negative electrodes were tested to 

get a similar PQRST wave as traditional ECG lead. Figure 22 shows that the P, Q, R, S, and T 

wave is visible with all the distances from 12 cm, 6 cm, 3 cm, and 1.5 cm between the positive and 

negative electrodes. Only the difference is in the amplitude of the R peak. With the increase of the 

distance, the R peak amplitude also increases. Figure 23 shows the R peak amplitude change trend 

with distance change. For the design of the skin-like electrode, a 3cm distance was chosen. Kania 

et al. mentioned in their study that incorrect electrode placement and variations in inter-individual 

human anatomy might cause an ECG examination to be misinterpreted [119]. Distance between 

two electrodes affect the morphology of ECG signal specially in QRS and ST interval [119]. 

Though the small distance was found to be 1.5cm, however, the morphology of the signal for 1.5 

cm distance is changed in the ST segment. The ST segment is not identical to the traditional ECG 

lead for both lead I and II. So, for designing the electrode 3cm distance between lead I and II was 

selected.  
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Figure 22. ECG measurements with different electrode positions for lead I and lead II. 
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Figure 23. Increase of R peak amplitude with the increase of distance 

4.3 Electrode Design 

              After determining the distance between two electrodes, the electrode was designed using 

AutoCAD. Figure 24 shows the ECG electrode design. The interconnects demonstrated in the 

figure are very important in connection. The interconnect design reduces the necessity of wires 

that might interfere with signal acquisition. The electrode was designed with a distance of 3cm 

between two electrodes. 
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Figure 24. Electrode design with interconnects 

4.5 Dry Etching Time Optimization for Electrode Preparation 

 

               The fabrication of electrodes was done by MEMs technology. An experiment was 

conducted on different samples to determine the optimum dry etching time by RIE. At first, two 

elastomers, ECOflex 10 and Sorta 12 were used to check which one provided better etching of PI. 

For optimizing the etching time, different sets of samples were used. One set of samples was 

prepared with eco flex 10, and another was prepared with sorta 12. After the wet etching step, two 

samples with eco flex 10 and 2 samples with sorta 12 were dry etched for 80 minutes with a gap 

in between. The samples were first etched for 20 minutes, then RIE was stopped. After 20 minutes 
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of etching, it was observed that the PI needed to be etched completely. Then the samples were 

etched for another 20 minutes, and then the samples were taken out of the RIE chamber and still 

needed to be etched completely. This process continued for another 40 minutes with 10 minutes 

of etching and a gap. However, even after 80 minutes, the samples needed to be appropriately 

etched. The etching was uneven, and there were still residues of PI. As the etching was improper 

with intermittent etching, another set of samples was etched for a continuous 60 minutes, and all 

the PI were etched completely. Figure 26 shows the status of the sample after intermittent and 

continuous etching. From the figure, it is evident that continuous etching gives better performance 

than intermittent etching. Studies have shown that, based on parameters for gas flow, pressure, and 

RF power, etching conditions in an RIE system may be altered on several levels. Moreover, 

increasing the chamber's temperature while doing a reactive ion etch can result in faster 

etching[112]. Studies have shown that for a consistent etch, regulating the plasma potential, 

electron temperature, and ion density are crucial[112]. In this experiment, the etching rate differed 

in continuous and intermittent etching. One of the possible reasons for not uniform etching during 

the intermittent etching could be the reaction between the positive and negative ions, which etch 

the surface and gets interrupted[112]. When the RIE has turned on again, they take time to initialize 

the reaction and reach the desired temperature resulting in a not uniform etching. After etching, 

the samples were kept in acetone bask overnight to transfer the electrodes into the water-soluble 

tape. While transferring the electrode to the water-soluble tape, it was found that sorta12 samples 

were transferred easily to the water-soluble tape without any tear of the electrode. On the other 

hand, Ecoflex 10 samples got torn while transferring them onto water-soluble tape. From the 

Figure 25 it can be seen that sorta 12 samples have no tears during the pickup and transfer step, 

whereas ecoflex 10 samples have tears during the pickup and transfer step. So, sorta12 samples 
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with continuous 60-minute etching are the optimum electrode preparation parameter. Studies have 

shown that the load a material can endure depends on tensile strength[120]. From the product 

information of Sorta 12 and ecoflex 10, it is found that sorta 12 has a higher tensile strength of  

320 psi [103] , and ecoflex 10 has a tensile strength of 120 psi [103]. The sample with sorta 12 

does not have a tear while releasing from the glass slide, whereas the sample with ecoflex 10 gets 

a tear. The reason could be sorta 12 having higher tensile strength than ecoflex 10. 
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Figure 25. Dry etching time optimization or electrode preparation with comparison between 

EcoFlex 10 and Sorta 12 elastomer 

4.6 Alignment of 2nd Photomask of ECG Electrode 

 

                In fabricating the ECG electrode, the interconnects of the ECG electrode were designed 

to have two layers of PI so that they can connect the four electrodes with the second layer of PI so 

that the copper is covered. The second layer of PI was done to avoid contact with copper from the 
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interconnects with the skin. The interconnects of the ECG electrode do not help in collecting 

biopotentials. They are for making the design of the electrode compact. So, we want to avoid 

contact with the copper part of the skin. That is why it is essential to align the second photomask 

properly to avoid any copper pattern interfering with collecting the biopotential. During 

photolithography, the second photomask was aligned over the pattern. Figure 26a shows the 

misalignment of the photomask. For this experiment, the photomask had to be aligned with lots of 

attention. Figure 26b shows the proper alignment of the photomask. After that, the microscopic 

view of the second photomask is shown for the etched PI. The second photomask exists even after 

the pattern is transferred to the elastomer. So, the proper alignment can make sure all the steps are 

done by having the second photomask on the pattern. 
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Figure 26. 2nd   photomask alignment. (a) 2nd photomask misalignment with substrate, (b) Proper 

alignment of 2nd photomask at different steps 
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4.7 Stretchability of Fabricated Electrode 

 

               Stretchable conductors offer a significant opportunity for assuring reliability and 

lengthening the lifetime of flexible electronic devices since they can endure significant mechanical 

deformation while maintaining electrical functionality [121]. It is a big challenge to achieve 

flexibility or Stretchability in metals. Gray et al. mentioned in their study that the key to making a 

thin film stretchable is decreasing the thickness of the substrate. In another study, Yeo et al. 

mentioned that it is possible to create functional electronic circuits that can withstand minimal 

radii of curvature by carefully selecting the thickness of the flexible substrate to reduce the strain 

and stress on the metal pattern [122]. Matsuhisa et al. mentioned in their study that one of the most 

extensively used stretchable conductors is based on a structure or geometric shape to produce 

stretchy interconnects. The thin layer is more flexible as bending strain varies with material 

thickness. Material having these features can show macrosocial Stretchability [123]. For our study, 

the thickness of the electrode pattern is approximately 5um, and the geometric structure is 

serpentine, which makes the electrode stretchable. Figure 27a shows the biaxial uniform 

Stretchability of the electrode at 10, 20, and 40% of stretch without any damage to the copper 

pattern. Figure 27b shows the microscopic view of the Stretchability to get a closer view of the 

stretch condition of a copper pattern. From this Stretchability test, it can be confirmed that the 

fabricated dry electrode can withstand mechanical deformation without being damaged. 
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Figure 27. Stretchability test. (a) Demonstration of biaxial stretchability of skin like electrode at 

0%, 10%, 20% and 40%. (b) Microscopic view of the portion of the stretchability of skin like 

electrode at 0%, 10%, 20% and 40%. 

4.8 Contact Impedance Measurement of Electrode 

                The electrode is essential to the surface electrical signal acquisition device, particularly 

for ECG. The quality of the bioelectrical signal captured is significantly impacted by the 

impedance between the electrode and the skin[124]. The integrity of the electrode contact with the 

skin depends on the skin preparation and the value of contact impedance. The presence of moderate 
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to severe motion abnormalities in recordings is frequently caused by higher impedances, which 

indicate inadequate skin preparation. If the value of contact impedance is 5Kohm or below 

5KOhm, it implies that the skin is prepared well and the conformal contact of the electrode with 

the skin is good [125, 126]. It means there will be less noise production during biopotential 

acquisition. The contact impedance is expressed by the following equation: 

|𝑍𝑐| =  
𝜌𝑑

𝐴√1 + (𝜔𝜌𝜀)2
 

Here, ρ =skin electrical resistivity, ε = the skin dielectric constant, d = the inter-distance between 

electrodes, ω = signal source frequency, A = the contact area of the EES electrode with the skin. 

Contact impedance depends on these parameters [65].  

The commercially available gel electrode and fabricated dry electrode were used for this 

experiment to measure the contact impedance. The transfer of pattern to the skin is given in Figure 

28. For the experiment, Checktrode® was used to measure the contact impedance. The skin was 

cleaned with alcohol wipes to get rid of any skin dust or dead cell of the skin. Afterward, the gel 

electrode and dry electrode were placed on the skin and connected to Chectrode with wires. Figure 

29 shows the experiment setup with a gel electrode and a dry electrode on the forearm, 

respectively. The experiment was conducted 5 times for both types of electrodes. Figure 30 below 

shows the average of the contact impedance for 5 measurements. The Figure 30 shows that the 

contact impedance for both gel and dry electrodes is below 5Kohm. The dry electrode’s contact 

impedance is comparable to the commercially available gel electrode. This experiment proves the 

quality of the fabricated ultrathin dry electrode, which makes conformal contact with skin and has 

the potential to be used for different biopotential measurements. 

(4) 
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Figure 28.  Pickup and transfer of dry electrode pattern on skin 
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Figure 29. Contact impedance measurement for gel electrode and fabricated dry electrode  

 

Figure 30.Comparison of contact impedance for gel electrode and skin-like electrode 
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4.9 EMG SNR 

 

            After evaluating the contact impedance of the gel and dry electrode, the epidermal EMG 

was measured using the gel and dry electrode. In order to conduct an EMG recording experiment, 

the epidermal EMG sensor was placed on the human body. The experimental setup was made 

using three electrode configurations with the fabricated dry electrode and commercially available 

gel electrode. Figure 32(a, b) shows the experimental setup of the EMG recording setup for gel 

and dry electrode, respectively. The dry skin electrode was enough ultrathin to attach very well to 

the skin. Bioradio was used to collect data for both dry and gel electrodes. EMG was collected in 

the resting and fisting state of the hand. Figure 31 shows the signal and noise from the EMG signal. 

After that, the moving average was determined from the rectified signal. From the moving average 

of the EMG signal, the average signal-to-noise ratio (SNR) of the acquired signal was calculated 

for the gel electrode and dry skin-like electrode. SNR values for each electrode were obtained 

using the formulas in equation 

SNR = 20log
𝑉𝑠𝑖𝑔𝑛𝑎𝑙

𝑉𝑛𝑜𝑖𝑠𝑒
                                     

The signal-to-noise ratio means the strength of the signal over the noise. An SNR value higher 

than zero implies that the signal is higher than the noise level. Better signal quality can be achieved 

if the signal ratio is higher  [127, 128]. From the experiment, it can be found that The SNR for the 

gel electrode is 18.12 dB and the SNR for the dry electrode is 16.57 dB. The SNR values are close 

to each other, and they are comparable. So, the fabricated dry electrode gives a comparable SNR 

value to the commercially available gel electrode. This experiment proves the functionality of the 

fabricated skin-like electrode. 

(5) 
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Figure 31. EMG signal 

 

Figure 32. EMG SNR measurement. (a) With gel electrode, (b) With skin-like dry electrode 
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4.10 Circuit Design 

 

The ECG circuit was designed with KiCAD, and then the file was transferred to AutoCAD to make 

the design's photomask. Figure 33 shows the circuit design where an inverted F antenna is used 

for the wireless transmission of signals. In recent years, wireless communication has advanced so 

quickly that it requires compact equipment supporting multiband communication. Antenna design 

is one of the most critical design concerns since it is a crucial communication system component. 

We need compact antennas low in weight since we are concerned about little equipment. Inverted 

F antennas are used due to their easy fabrication, simple structure, and less cost [129]. The device 

is designed with a two-channel port to collect data in two channels simultaneously. 
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Figure 33. Circuit design 

 

 

4.11 Optimization of Circuit Fabrication 

 

            During circuit preparation, with more PI thickness, there was more wrinkle in the sample. 

When the PI thickness was 1000x 4, most wrinkles were observed. A wrinkle in the substrate might 

cause a short circuit, and a crease might cause a break in the circuit [130]. The PI thickness was 

continuously reduced to determine the ideal thickness where there would be the least amount of 

wrinkle to eliminate any break or short circuit produced by wrinkle. Figure 34a shows the gradual 
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decrease of PI thickness and wrinkle. The optimum PI thickness was found to be 500x2 rpm. 

However, the PI thickness depends on the spin speed, measured as rotation per minute. Figure 34b 

shows the graph of PI thickness decreasing with increased spin speed. 

 

Figure 34. PI thickness effect on device. (a)The effect of PI thickness for device wrinkle, (b) 

Graphical representation of PI thickness vs wrinkle. 
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4.12 Flexibility Test 

 

            Over the past few years, interest in flexible and wearable electronics has increased 

significantly. Flexibility is the capacity for materials or devices to change shape. Bending, 

stretching, or softness are all ways to show flexibility. The capacity to bend is typically viewed as 

the most basic example of flexibility [131]. A flexible device's primary mechanical deformation 

feature is tolerance to bending to a specific curvature. In this study, the flexibility of an ECG device 

was assessed by bending with different radii of curvatures. From the experiment, it was found that 

the device could bend to a 2 mm radius of curvature with full bending and a 1mm radius of 

curvature with partial bending. Figure 35a demonstrates the flexibility of the device at a different 

radius of curvatures. This experiment proves that the device is flexible enough to wear during 

different activities with full functionality. Wearing the device during daily activities will not affect 

people's everyday lifestyles. Figure 35b also supports the functionality of the flexible device as 

even with a minimum radius of curvature of 1mm and 2mm for partial and complete bending; 

respectively, the LED light was on.  
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Figure 35. Device flexibility. (a) Full bending of circuit (inset shows top view of the device 

wrapping around the cylinder), (b) Partial bending of circuit (Radius of curvature) 
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4.13 Comparison of Weight among Existing Wireless, Portable ECG Devices 

 

              The Bluetooth-enabled fabricated ECG device is the most lightweight ECG monitoring 

device. The table shows the weight of the commercially available portable ECG device. Bio radios, 

and Holter monitors, are the heaviest device compared to other portable ECG devices. At this stage 

of device development, the fabricated device of this study is only 0.4 grams which is lower than 

any other portable ECG device existing in the market. Table 7 lists the existing ECG devices' 

weight and picture and compares them with the fabricated ECG device. 

TABLE 6  

COMPARISON OF WEIGHT AMONG EXISTING WIRELESS, PORTABLE ECG DEVICES 

Device name Device picture  Device weight Reference 

Fabricated ECG 

device 
 

0.4 gram  

BioRadio® 150 

 

210 gram [132] 

ZIO® XT ECG 

patch 

 

34 gram 

 

 

 

[133] 
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TABLE 7 (continued) 

SEEQ™ MCT ECG 

patch 

 

50 gram [133] 

Holter Monitor 

 

100-150 gram [133, 134] 

Textile ECG 

monitoring system 

 

23 gram [135] 

 

4.14 Antenna Performance 

 

The antenna's performance was evaluated by constructing a T-matching network tuned to 

get the ideal Bluetooth frequency. Figure 36 shows the T-matching network image and illustration. 

For this experiment, a different combination of inductor and capacitor was placed on the circuit to 

find the optimum configuration of the components for getting the desired Bluetooth frequency 

2.45GHz. The T-matching network components and the ground were coupled to the antenna probe 

to measure S11. S11 is the antenna's power reflection coefficient, which indicates how much power 

is reflected from the antenna so that electric power can be converted into electromagnetic energy. 

All source power should be sent to the load to reduce reflections. 
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Figure 36.T-matching Network to evaluate the performance of an antenna 

There were two different types of PCB circuit. One was with ground plane and another was without 

ground plane. A ground plane is a large metal surface area connected to the circuit's ground. This 

unique design aids signal return, noise reduction, and voltage return. In specific ways, a solid 

ground plane protects from unwanted electromagnetic interference. Additionally, the ground plane 

effectively subtracts sounds and prevents signal interference that is not desired [136]. A PCB 

circuit was created using the ground plane, considering the circuit ground plane's function. Figure 

37 shows the PCB circuit with and without a ground plane. 
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Figure 37. Back view of PCB circuit picture with and without ground plane 

The antenna performance of the circuit with ground plane was conducted to find the optimum 

resonance frequency between the 2.4 -2.48 GHz range (Figure 38a). In this experiment, a series of 

connections of a 2.7nH inductor, 5.0 pF capacitor, and a parallel connection of a 3.9 nH inductor 

showed the optimal Bluetooth frequency of the RF efficiency 2.44 GHz and magnitude of -30dB, 

which is displayed in Figure 38b. 
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Figure 38. Antenna performance of the circuit with ground plane. (a) Antenna performance 

optimization with different component, (b) S11 measurement with desired frequency and 

magnitude 
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After that, another experiment was conducted with the PCB circuit without ground plane. In this 

experiment, the antenna probe was connected to the Vector Network Analyzer to plot the S11 

measurement. The experiment was conducted with 4 different configurations. Figure 40 shows 

that for configuration 1, inductors were connected in series, and the capacitor was connected in 

parallel with the inductor. With the change of component value for capacitor and inductor, changes 

were observed with maintaining a trend as low to high and high to low either with x-

axis(frequency) or with y-axis(magnitude). In the case of configurations 2, 3, and 4, the capacitor 

and inductors are connected in series or parallel directions, and they also showed a change of 

frequency and magnitude, maintaining a trend. However, 36 combinations of component and 

component configuration could not achieve the desired frequency range of 2.4 GHz and 

magnitude. Though the desired resonance frequency was not found, the device could connect to 

Bluetooth and show ECG signal. As the desired resonance frequency was not achieved, some 

possible causes and solutions were pointed out. One of the leading causes could be the absence of 

a ground plane on the circuit. Also, the impedance might not match with source impedance. 

However, including ground plane on the fabricated circuit would be time consuming and it would 

make the device thicker. As we were able to achieve the connection between ECG device and 

portable device, the ground plane was removed from the design. 
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Figure 39. Antenna performance optimization of the circuit without ground plane for 4 different 

configurations with different components. 
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4.15 RSSI Measurement 

 

             The "Received Signal Strength Indicator," or RSSI, measures how effectively a device can 

pick up a signal from a network or access point. It is a number that may be used to determine 

whether there is an adequate signal to establish a solid wireless network [137]. It is helpful to check 

the RSSI readings to see if there is an adequate signal to establish a solid wireless connection with 

the device. The device was placed both on skin and air to observe if the signal strength changes 

with the change of transmission medium. Shang et al. mentioned that received signal strength 

indicator can be determined by the following equation, 

RSSI= Pt-PL (d) 

Here, Pt= signal transmission power, PL= path los, d=distance. The signal transmission power 

differs with the location and environment of the device. This signal transmission power affects the 

RSSI in terms of location.  

The device was first placed on the table in this trial to see how long it could run while receiving 

signals. Then the RSSI was measured at every 2m distance. Figure 40a shows the active signal 

from the device in the air at 10m, 20m, and 30 m distances. After that, the device was reapplied to 

the skin using the experimental setting of measuring the RSSI values to measure the received 

signals at every 2m distance. Figure 40b shows that after wearing the device, the signal was active 

at 10m, 20m, and 30m distances. The average signal intensity received throughout the sampling 

time was stored in the RSSI sample. Figure 40c demonstrates the device's connection capacity by 

maintaining a wireless connection for up to 30 m when running on the skin and air. For both air 

and skin, the RSSI decreased with distance. 

(6) 
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Figure 40. Wireless Bluetooth connection distance between the fabricated device and tablet. (a) 

Distance from device to tablet on the air, (b) Distance from device to tablet on the skin, (c) Plot 

showing RSSI vs Distance, the working distance of the device 

4.16 Device functionality 

             An experiment using a conventional setup and gel electrodes was carried out to 

demonstrate the functioning of the ECG device. The two channels were connected to the gel 

electrode. For the connection wires were cut in short and attached with soldering. The gel 

electrodes were placed on a human subject while sitting on a chair. The positive electrodes were 

placed on left arm and the ground and negative electrode was placed on right arm. Before placing 

the gel electrodes the skin was cleaned with alcohol wipes to remove any kind of dead cells from 

the skin. From Figure 41a, it can be observed that both channels of the ECG device are connected 

to the gel electrode. Figure 41b shows the signal collected from the device in real-time. The ECG 

signal was collected for both channels and showed P, Q, R, S, and T waves.  
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Figure 41. Device functionality. (a) Experimental setup of device functionality test, (b) ECG 

signal collected from device 
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4.17 HRV analysis 

HRV analysis was conducted with the collected ECG data from a healthy subject with 

Bioradio for resting, walking and jogging. Figure 42 shows the ECG data with detected R peaks 

and from the detected R peak, HRV analysis was conducted. Figure 43a, b, c and d shows the 

number of RR interval change vs time, RR interval vs number and RRn+1 vs RRn and power spectral 

analysis respectively for resting, walking, and jogging.  With the decrease of RR interval with 

increased activity shows the potential of HRV analysis to differentiate between different heart 

conditions. Also, from Figure 43c, the Poincare plot shows that with increased activity the distance 

between adjacent RR interval decreases and it makes the ellipse of Poincare plot narrower. Figure 

45d shows the LF and HF analysis. These plots help in visual detection of heart rate variation if 

compared with the HRV of a patient with heart disease. The experiment conducted in this study 

for a healthy subject in resting condition demonstrated 59msec which is close to or fall under the 

range of healthy subject SD of RR interval. Also, Ahn el al. mentioned in his study about the 

SD2/SD1 ration to be found for subject at resting condition to be 4.06 [138]. In this experiment, 

for resting condition the ratio of SD2/SD1 is 3.38 which is close to the value obtained by Ahn et 

al. For example, studies have shown that standard deviation or SD of RR intervals creates specific 

pattern for healthy and critical heart failure patient. Kamen et al. mentioned that they observed 

standard deviation of a cluster pattern in Poincare plot for healthy was 56 msec, where as critical 

heart failure patient had open cluster Poincare plot with RR interval of 87msec.  They collected 

set of data for healthy and heart failure patient and found the pattern and standard deviation 

variation among them [139]. So, Poincare plot and SD variation is a good indicator of detecting 

abnormalities of heart. If quality signal can be collected from the fabricated device then it can work 

as a tool for clinical relevance analysis. 
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Figure 42. R peak detection of resting, walking and Jogging ECG data 
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Figure 43. Heart rate variation analysis for resting, walking and jogging (a) RR interval vs time, 

(b) RR interval vs number, (c) RRn+1 vs RRn 
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4.18 Discussion  

 

              Epidermal electronics is an emerging technology in health care and for a continuous 

personalized health monitoring system. The properties of epidermal electronics enable the 

development of skin-like sensor to be used as diagnostic medical tools. Though there are existing 

epidermal cardiovascular monitoring devices, the issue remains with rigid and bulky materials, 

design, and structure. Existing wearable ECG devices have concerns with a mechanical mismatch 

between the skin and stiff electronics, restrict the body's natural movement, and lack long-term 

reliability. Considering the limitations of the current devices, here, we present a skin wearable and 

portable, flexible, lightweight, Bluetooth-enabled ECG device which will be able to provide 

accurate ECG signals and can be used during daily activities. EMG SNR and contact impedance 

experiments showed that the ultrathin electrode enabled conformal contact with the skin to 

facilitate accurate signal acquisition from the body. The fabricated electrode demonstrated a range 

of stretchability up to 40%, which will allow the electrode to change with skin stretch making it 

suitable for any fragile or dry skin. The electrodes do not require any adhesive to attach to the skin 

as they are mounted on the low-modulus elastomer. Older adults and pediatric patients with heart 

disease who needs continuous ECG monitoring will be benefitted from the fabricated dry electrode 

as it does not require aggressive adhesive and could be utilized for a long time without causing 

skin irritation. The flexibility of the device shown in the manuscript presented the device's ability 

to bend at as low as a 2cm radius of curvature. The experiment shows the device's potential to be 

used with the natural movement of daily life. The device provides real-time monitoring in a 

portable device so that users get their ECG without any clinical setting. This study demonstrates 

the capability of both electrodes and devices with a series of experiments. In this study, an HRV 

analysis experiment is conducted from data collected from Bioradio to show the potential of the 
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data to be used as clinical relevance analysis to detect any abnormality in heart. The device also 

showed the capability of detecting signals during different activities. However, the assembly of 

the device with electrodes needs a proper connection between the ACF wire and substrates. The 

validation work with the integrated device to reduce noise and capture the ECG peaks from both 

channels should be done as a follow-up study. Enough data should be collected using the device 

to analyze the data further and show the device's potential with different applications like HRV 

analysis. 
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CHAPTER V 

CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

 

In conclusion, future medical healthcare holds significant potential for skin-interfaced 

sensors, particularly given their compatibility with human skin and non-invasive approaches. In 

this study, a skin wearable, portable, flexible, lightweight, Bluetooth-enabled ECG device was 

developed, which has the potential to provide an accurate ECG signal and can be used during daily 

activities. For this thesis, several experiments have demonstrated the functionality of the skin 

wearable electrode based on contact impedance and EMG SNR measurement. ECG device’s 

functionality was shown in the traditional setup. The device’s antenna performance and RSSI 

measurement were also verified the device’s connectivity range for use as a portable device. All 

these experiments demonstrate a wearable ECG monitoring system layout for continuous use 

during daily activities, maintaining user comfort. The device presented in this study has great 

potential to be used as a wearable skin device to monitor ECG, which can improve the limitations 

of conventional ECG monitoring devices. 

5.2 Future work 

 

Although primary proof of device functionality is shown in the result section, integrating 

the device with the electrode needs more work. The silver paste was used to attach the ACF wire 

to connect the electrode to the device. However, the connection is poor, and new methods should 

be used to connect the ACF wire to the electrode and device. Also, in the future, clinical tests 

should be done on at least five human subjects to validate the data and acquire more data from 
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both channels 1 and 2. The data collected from the device can be used for HRV analysis to show 

the clinical application of the collected data.  

             In the case of antenna performance, the current micro-fabricated device does not contain 

a ground plane for which it was impossible to achieve the optimum frequency and magnitude with 

the fabricated circuit. Future work should include modifying the circuit design and fabrication 

process to include the ground plane in the ECG circuit.  

5.2.1 Device Assembly 

 

            After checking the device's functionality, the device was assembled with fabricated 

electrodes. ACF wire was used to connect the device to the electrode. Figure 42 shows the device 

after assembly. For the device assembly, an elastomer membrane was used.  

 

Figure 44. Device integration with electrode 

5.2.2 Device Placement 

 

             In this study, the chest was used to place the flexible and skin-wearable device, as shown 

in Figure 41 to collect participants' ECG data while performing different human activities. Before 

placing the device on chest, the skin of chest was rubbed with alcohol to clean any dust which 
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might interfere with the signal. After that, ECG data were collected for activities like resting, 

walking, and jogging. Furthermore, ECG data is sensitive and can be affected by any extra 

movement of the device that can produce extra noise in the data. It might need to be clarified with 

the human activity’s motions, which will not be appropriate for accurate ECG data collection. 

Figures 43a and 43b demonstrate the device placement while connected to power and Bluetooth. 

 

Figure 45. Device placement on chest. (a) Device connected to power, (b) Device connected to 

Bluetooth 

5.2.3 Device test 

 

              The device was placed on a human chest for the primary test of the device. To show the 

device’s performance, ECG signal was collected during different activities like resting, walking, 

and jogging. The signal was observed in real-time via a portable device. From Figure 44, it can be 

observed that the device could give a signal according to the activity level. When the subject was 

resting, there were only three R peaks. For walking, the number of R peaks increased, and the 

distance between two R peaks decreased. Also, with jogging, the number of R peaks increased 

more with walking, and the distance between R peaks decreased. This experiment shows the 

device’s working potential for ECG data collection during different activities. This experiment 

shows that the device can catch between different activities.  
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 The device was placed on human subject for the testing purpose. However, only one channel ECG 

signal was observed in portable device. The connection between the electrode and ECG device 

was not secured properly for which the data collection was difficult.  

 

Figure 46. Collection of ECG data for ambulatory monitoring by ECG device during resting, 

walking, and jogging 

Heart rate analysis helps in the detection of abnormalities of heart. Kim et al. reported HRV 

analysis data of healthy subjects’ and compared it with the HRV data of unhealthy patients with 

critical heart failure. The visual representation of RRn+1 vs. RRn and RR vs. time shows the 

difference between a healthy and unhealthy person’s heart rate variability. Figure 47 represents 

heart rate variability change in healthy subject and critical heart failure patients [7]. So, in future 

with the collected data from fabricated ECG device, HRV analysis can be conducted and it will 
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help in detecting heart rate abnormalities in patients. So, the device can be utilized for the clinical 

relevance analysis. 

 

 Figure 47. HRV analysis: Visual representation of plots for healthy and critical heart failure 

subject. (a) RR vs Time for healthy and unhealthy subject, (b) Poincare plot for healthy and 

critical heart failure patient  
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APPENDIX A 

 

A. MICROFABRICATION PROCESS OF CIRCUIT STEP BY STEP 

 

Preparing of substrate  

1. Cut a piece of copper in the size of a 3.5” x 2.5” glass slide from the 2 µm copper 

film. 

2. Attach the copper film to the glass slide using Kapton tape 

3. Clean the surface of the copper film using acetone wipe  

4. Spin coat PI on the cleaned surface of copper using spinner at 500 rpm for 30 sec  

5. Soft bake on a hot plate at 150°C for 10min 

6. Let it cool down at room temperature  

7. Spin coat another layer of PI at 500 rpm for 30 sec 

Wipe the edges over the kapton tape after every spin coating so that while heating the 

tape does not come off. 

8. Soft bake on a hot plate at 150 °C for 10min 

9. Hard bake on a hot plate at 200 °C for 2 hours 

10. Let it cool down at room temperature   

11. Let it cool down at room temperature 

12. Clean another 7” x 5” glass slide using acetone wipe   

13. Spin coat Sorta 12 on the cleaned glass slide at 2000 rpm for 60 sec (When preparing 

the Sorta 12, mix the Sorta12 part A: Sorta12 Part B = 1: 1 for 5 minutes) 

14. Place the thin glass slide coated with Sorta 12 on the already made copper sample 

15. Place the sample inside the vacuum oven for 10 minutes to remove air bubbles 

trapped under the glass slide. 



106 

 

16. Cure the sample for at least 4 hours at room temperature (preferably overnight cure) 

17. Cut the copper film around the thin glass slide to obtain the sample 

18. Remove the backing layer of the copper film in the sample  

Photolithography 

1. Make sure the surface is clean before photolithography 

2. Spin coat HMDS at 2000 rpm for 30 sec 

3. Bake on a hot plate at 110 °C for 2 min 

4. Cool down the sample for 5 min  

5. Spin coat photoresist AZ4620 at 2000 rpm for 30 sec 

6. Bake on a hot plate at 110 °C for 5 min 

7. Cool down the sample for 5 min  

8. Place a photomask and expose UV light for 60 seconds 

9. Develop the pattern with the developer (Developer is made by mixing AZ400K: DI 

water in 1: 3 ratio) 

10. Rinse the sample with DI-water 

11. Dry it with N2 gas 

Etching 

1. Etch the copper film using Cu etchant to remove unnecessary copper patterns (This 

process is called wet etching. While copper is being etched, the formation of any 

gas bubbles inside the circuit is carefully observed and removed by dipping the 

sample inside a beaker of DI-water) 

2. Once the etching is completed rinse it with DI water and dry with N2 gas 

3. Remove remaining photoresist using acetone 



107 

 

4. Rinse it with DI water and dry with N2 gas 

5. Make sure the sample is completely dried. 

6. Apply RIE (Reactive Ion Etching) at 400 mTorr of O2 and 150 W for 1 min 

(Surface properties of the sample is changed from hydrophobic properties to 

hydrophilic properties) 

7. Spin coat PI at 2000 rpm for 30 sec 

8. Soft bake on a hot plate at 150 °C for 5 min  

9. Hard bake inside vacuum oven at maximum temperature (250°C) for at least 4 hr. 

2nd photomask photolithography 

10.  Spin coat HMDS at 2000 rpm for 30 sec 

11. Bake on a hot plate at 110 °C for 2 min 

12. Cool down the sample for 5 min  

13. Spin coat photoresist AZ4620 at 2000 rpm for 30 sec 

14. Bake on a hot plate at 110 °C for 5 min 

15. Cool down for 5 min  

16. Align with a photomask and expose UV light for 60 sec 

17. Develop the pattern with the developer (Developer is made by mixing AZ400K: DI 

water in 1: 3 ratio) 

18. Dry etch for 20 min (depending on the thickness and requirement) to obtain PI 

openings 

19. Flux the sample to observe the color change  

20. Rinse with acetone to remove unnecessary photoresist 
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Pick up and transfer printing of electronic device 

1. Cut around the electronic circuit using a sharp blade and carefully take off the circuit 

from the substrate. 

2. Transfer the circuit onto a glass slide and tape it. 

Preparation of a thin elastomeric membrane 

1. Prepare 5 g of 1:1 Ecoflex00-30 and 5 g of 1:1 Silicon Gel and mix them together for 

5 min 

2. Spray the liquid (A4 7107 ??) on a 5” plastic petri dish and wipe it all over the dish 

until traces of the liquid are seen  

3. Spincoat the mixture at 300 rpm for 30 sec on the petri dish. 

4. Place the petri dish on an even surface and cure at room temperature for 2 hr. 

Mounting components 

1. Apply solder paste 

2. Mount components 

3. Apply heat starting from 110°C for 3 minutes  

4. Observe the change in the solder paste as 

Grey> spread> White>silver 

5. After 3-minutes increase the temperature to 10°C every 1 minute. 

6. When we observe the silver color then increase the temperature to 20°C and keep it for 2 

minutes. 

7. Cool down the glass slide 

8. Rinse with acetone (clean) 
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9. Apply flux in the circuit over the hotplate, which was the last temperature when the 

solder paste became silver color. 

10. Put enough flux so that every component gets flux and become aligned by themselves 

11. Make sure to remove extra solder paste and do the alignment. 

12. Rinse with acetone. 

 

MICROFABRICATION PROCESS OF ELECTRODE STEP BY STEP 

Preparing of substrate   

1. Cut a piece of copper in the size of a 3.5” x 2.5” glass slide from the 2 µm copper film.  

2. Attach the copper film to the silicon wafer using Kapton tape  

3. Clean the surface of the copper film using acetone wipe   

4. Spin coat PI on the cleaned surface of copper using spinner at 3000 rpm for 30 sec   

5. Soft bake on a hot plate at 150°C for 5min  

6. Hard bake on a hot plate at 200 °C for 1 hour  

7. Hard bake on a hot plate at 250 °C for 1 hour  

8. Let it cool down at room temperature for 10 minutes  

9. Spin coat PMMA using spinner at 2000 rpm for 30 sec   

10. Bake on a hot plate at 180 °C for 2 min and 30 sec  

11. Let it cool down at room temperature for 20 minutes  

12. Prepare Sorta 12 as 1:1 ratio. Mix sorta 12A and sorta 12 B for 5 minutes.  

13. Clean another 3” x 2” glass slide using acetone wipe    

14. Spin coat at Sorta 12 on glass slide at 2000 rpm for 60 s.  

15. Place the thin glass slide coated with Sorta 12 mix on the already made copper sample  
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16. Place the sample inside the vacuum oven for 10 minutes to remove air bubbles trapped 

under the glass slide.  

17. Cure the sample for at least 4 hours (overnight is better).  

18. Cut the copper film around the thin glass slide to obtain the sample  

19. Remove the backing layer of the copper film in the sample  

 

Photolithography  

1. Make sure the surface is clean before photolithography  

2. Spin coat HMDS at 2000 rpm for 30 sec  

3. Bake on a hot plate at 110 °C for 2 min  

4. Cool down the sample for 5 min   

5. Spin coat photoresist AZ4620 at 2000 rpm for 30 sec  

6. Bake on a hot plate at 110 °C for 5 min  

7. Cool down the sample for 5 min   

8. Place a photomask and expose UV light for 60 seconds  

9. Develop the pattern with the developer (Developer is made by mixing AZ400K: 

DI water in 1: 3 ratio)  

10. Rinse the sample with DI-water  

11. Dry it with N2 gas  
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Etching  

1. Etch the copper film using Cu etchant to remove unnecessary copper patterns 

(This process is called wet etching. While copper is being etched, the formation of any 

gas bubbles inside the circuit is carefully observed and removed by dipping the sample 

inside a beaker of DI-water)  

2. Once the etching is completed rinse it with DI water and dry with N2 gas  

3. Remove remaining photoresist using acetone  

4. Rinse it with DI water and dry with N2 gas  

5. Make sure the sample is completely dried.   

Dry etching  

             Apply RIE (Reactive Ion Etching) at 400 mTorr of O2 and 150 W for 1 hour 

continuously to etch all the PI.   

Pick up and transfer printing of electronic device  

1. Make sandwich structure (Place a paper wipe on the sample in the size of thin glass 

slide, then place the thin glass slide on it and clip with paper clips)  

2. Immerse in the acetone bask overnight (Sample is ready to pick up the next day)  

            3. Pick up the electrode using water soluble tape   

  

 



112 

 

 

Figure 48. Cross sectional view of circuit/electrode microfabrication process 
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APPENDIX B  

B. REACTIVE ION ETCHING (RIE) USE 

 

1. Ascertain that there is no vacuum inside the reactor chamber and that all N2 and O2 gas 

valves are closed. 

2. Turn on the vacuum pump (Oerlikon Leybold Vacuum; Germany; Inc.,) and wait 2 min 

before moving to the next step until the pump becomes stabilized. 

 

Figure 49. Vacuum pump on 

3. Turn on the chiller (Industrial Chiller; CW-5200; Laguna Hills, CA; Inc.,) and wait for 2 

min before moving to the next step.  
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APPENDIX B (continued) 

 

Figure 50. Chiller.  

4. Turn on the RIE system by pressing the AC button. Check that the switches of the display 

light up as shown below.  

  

 

                Figure 51. RIE System ON. 

5. Load a sample in the reactor chamber and close the lid.  
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APPENDIX B (continued) 

6. To start the chamber's evacuation, press the vacuum button on the front panel as illustrated 

in Figure 46. Then wait for 5 minutes. The timer will turn on when the pressure display on 

the front panel reaches the desired pressure (100 mTorr, indicated by a red indicator). 

 

                   Figure 52. Vacuum Button ON  

7. Open the valve for O2 gas and then press the GAS1 button to introduce O2 gas into the 

chamber. Then, wait for 2 min. In the meantime, the pressure Display on the front panel will 

reach a desired pressure (300 – 400 mTorr).   

8. Press the RF button on the front panel. Make sure the power is 150 W for 18 min (or more 

if necessary). You are supposed to see a plasma (light blue color for O2) through the chamber 

window.  
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                 Figure 53. RF Button ON.  

9. Run the system for the desired operating time.  

10. Press the RF button to shut down the RF power.   

11. Press the GAS1 button and close O2 gas valve to stop O2 gas flow.  

12. Wait for 2 min before turning off the vacuum button such that all byproducts in the 

chamber are removed.  

13. Slowly open N2 gas valve to bleed the chamber back to atmospheric pressure.  

14. Once you confirm that the chamber is ready to open, close N2 gas valve.   

15. Unload the sample and close the lid.  

16. Press the AC button to turn off the system.  

17. Turn off the chiller.  

18. Turn off the vacuum pump.   

 

 

 


