
CARBON NANOTUBE POLYMER COMPOSITE BASED ELECTRODES WITH ABILITY 

TO ADHERE TO HAIRY SKIN FOR APPLICATION IN ELECTROPHYSIOLOGICAL 

SENSING 

 

By 

Abhijith Balamuraleekrishna Shyam 

 

A thesis submitted to the Department of Electrical and Computer Engineering  

In conformity with the requirements for  

The degree of Master of Applied Science 

 

Queen’s University 

Kingston, Ontario, Canada 

(August 2020) 

 

Copyright ©Abhijith Balamuraleekrishna Shyam, 2020 



ii 
 

Abstract 

 

Biopotential recordings such as electroencephalogram (EEG) and electrocardiogram (ECG) 

measurements have applications in medical diagnosis, health care, human-machine interface, 

entertainment etc.[1-5]. Electrodes are an important part of biopotential acquisition systems 

affecting the quality of recorded signals, comfort to the user, and the cost. Many conventional 

electrodes are either expensive or disposable, many are rigid and non-conformal to the skin, and 

some causes irritation and allergic reaction due to the use of aggressive chemical adhesives. 

Further, Silver/Silver Chloride (Ag/AgCl) electrodes are the only medical grade electrodes 

available for EEG measurements from the scalp. They are placed using EEG hats and a conductive 

gel is filled between the electrode and the scalp. Sometime this gel leaks out causing shorting 

between consecutive electrodes. Such systems consume time to place on the head, requires 

assistance from experts, and restricts the user movements. Non-medical grade dry electrodes 

are used as an alternative to Ag/AgCl electrode setups for EEG measurements, but they require 

a mechanical support to attach and therefore, they are susceptible to motion artifacts. Hence, 

there is a need for a soft wearable electrode that is cost effective, reusable and can adhere to 

the skin regardless of the level of hair coverage and topology of the skin. 

This thesis presents a novel soft reusable carbon-nanotube-polymer composite based electrode 

capable of biopotential recording from a high dense hairy area such as the scalp. The electrode 

consists of an array of tulip-like microstructures that utilizes suction force in combination with 

the use of trace amount of medical grade conductive gel to achieve sufficient adhesion force and 

conformability to hairy skin for biopotential recording. A novel low-cost scalable fabrication 
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process was developed, and mathematical and experimental analysis of capillary rise that plays 

a key role in the optimization of the fabrication process were carried out.  

The proposed electrode was fabricated and electrophysiological signal measurements were 

performed. The electrode can adhere to the skin conformably resulting in low electrode-skin 

interface impedance and good signal to noise ratio. The electrode is found to be very comfortable 

to the users and capable of recording ECG and EEG for extended amount of time.  
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Chapter 1  

Introduction 

1.1  Motivation 

One in five people are affected by mental or brain disorders globally1. The global direct and 

indirect economic cost of just mental disorders was reported as  2.5 trillion USD in 2010 and the 

same study suggests that it will be doubled by 2030 [6]. Some types of brain and mental disorders 

can be cured and treated effectively if diagnosed early. For instance, epilepsy which is caused by 

abnormal bursts of electrical activity in the brain affects 300,000 Canadians and 54 cases are 

diagnosed every day2. This disease is more prevalent in adults than children in Canada mainly 

because of late diagnosis. Most mental disorders are diagnosed years after the first occurrence 

of symptoms and according to the World Health Organization, early detection of these illnesses 

has a major role in preventing full-blown diseases [7]. Currently, primary diagnosis of many types 

of these disorders is done by analyzing the electrical activity of the brain using expensive and 

bulky clinical equipment at medical centers by medical experts. Some of these primary diagnosis 

technologies include magnetoencephalography, functional magnetic resonance imaging, 

electroencephalography (EEG) and positron emission tomography [8]. Among these methods, 

EEG is the simplest and the most accessible technology. EEG measures the electrical activity of 

                                                           
1 The World Bank www.worldbank.org/en/topic/mental-health 
2 Canadian Government www.Canada.ca/en/public-health/services/publications/diseases-conditions/epilepsy 
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the brain non-invasively by placing electrodes on the scalp. It is widely used for epilepsy 

diagnosis, stroke follow-up, dementia, sleep disorder diagnosis and cognitive neurosciences as it 

provides high temporal resolution of milliseconds[3, 9]. Heart diseases are counted as the second 

leading cause of death in Canada and every hour 12 Canadian adults aged 20 and above die due 

to diagnosed heart disease3. Electrocardiography (ECG) which is recording the heart electrical 

signal is a primary method for diagnosis of heart diseases.   

Accessible health care can make a difference in the lives of millions of people. Continuous 

monitoring of biopotentials such as EEG can provide vital information about individual’s health 

condition before health worsens and save millions of lives worldwide.  

Medical sensor market worth is estimated to be 1.2 billion USD as of 2020 and is expected to 

reach 1.7 billion USD by 2025 globally, a growth rate of 41 % over the next five years4. With an 

increase in demand for continuous health monitoring and human-computer interaction, there is 

a high demand for a user-friendly, low cost and high-quality electrodes. Biopotentials were used 

for medical diagnostics from the early 18th century, but the recent advancements in computing 

technology provided an opportunity to monitor the health conditions of vital organs with a touch 

of a button [10]. All these reasons point towards the importance of research on biopotential 

measurement systems and making them accessible to society at low-cost. 

                                                           
3 Canadian Government www.Canada.ca/en/public-health/services/publications/diseases-conditions/heart-
disease-canada 
4 Markets and markets www.marketsandmarkets.com/Market-Reports/sensors-market-healthcare-applications 
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1.2 Objectives 

The objective of this thesis is to develop an innovative solution to measure biopotentials using 

an electrode which is universal in terms of skin-wearability (hairy, hairless and with any topology) 

low-cost, user-friendly and provides high quality signal outputs. This thesis is an effort to achieve 

the following aims: 

1. Identify the challenges faced in the field of biopotential recording. 

2. Design an electrode to address the identified challenges. 

3. Develop a low-cost high throughput fabrication procedure for making such an 

electrode. 

4. Characterize and test the fabricated electrode. 

1.3  Contributions 

Following are the contributions made by the thesis, 

1. Design and implementation of a solution to prevent use of aggressive chemical adhesives 

to fix electrodes on the skin for biopotential electrodes. 

2. Design of a semi-dry electrode to measure biopotential from hairy skin for an extended 

period of time.  

3. Developing a low-cost high throughput procedure to fabricate the CNT-polymer 

composite based semi-dry electrode (optimization of the fabrication procedure was done 

by studying the pure polymer capillary rise as a main mechanism of forming electrodes 

microstructures). 

4. Characterization of the electrode performance and testing the device on human subject 

to verify the quality of the electrode. 
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1.4  Thesis Outline 

This thesis is made up of 6 chapters.  

Chapter 1 provides the motivation behind the work, objectives and contributions of this thesis. 

Chapter 2 provides a brief introduction about biopotentials, electrical model of skin, and 

methods of measuring biopotentials. It also includes an overview on the recent technological 

advances in the development of better electrodes for biopotential measurements and 

unaddressed drawbacks of current electrodes.  

Chapter 3 studies the capillary rise phenomenon which plays critical role in our developed 

fabrication method. A mathematical modelling of capillary rise of polydimethylsiloxane (PDMS), 

used as the base polymer in the fabrication of electrodes, is presented.  

Chapter 4 discusses an alternative solution to the use of aggressive chemical adhesives by 

utilizing suction force and generation of negative pressure as a functional adhesive force and the 

application of trace amount of adhesive medical gel. The design of the proposed device is 

presented, the fabrication of the device is explained, and results are analyzed.  

Chapter 5 presents the fabrication of CNT-polymer composite based semi-dry electrodes.   The 

results of biological signal measurements using fabricated electrodes are presented and 

analyzed. 

Chapter 6 concludes the thesis by summarizing the project, contributions and future works. 
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Chapter 2  

Background 

2.1 Biopotentials 

Physiological systems in the human body generate signals of different types: electrical, 

mechanical, chemical, magnetic and thermal [11]. Each of these signals can shed light into the 

function of organs and helps in providing medical assistance. Human bodies consist of trillions of 

different types of cells and they are associated with ionic exchanges at cellular membranes. Cells 

in the human body are separated by semipermeable membrane and the concentration of various 

ions such as potassium, sodium, calcium, and chlorine vary across the membrane. This 

concentration gradient across the cell membrane creates a potential difference between the 

internal and external environment of the cells. When there is an equilibrium in the flow of ions, 

the potential across the cell membrane is known as resting potential. Although most cells are 

associated with ionic exchanges at cellular membranes, electrical signals from some cells can also 

correspond with physiological activity in the body. These signals, known as biosignals or 

biopotentials are of great interest in medical society as they provide rich information about 

working of internal organs [12].  

Although most biopotentials are generated due to the flow of ionic currents through specific 

excitable cell membranes, some biopotentials arise from mechanical movements of tissue and 
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charged proteins. The barrier separating cells’ cytoplasm from extracellular fluid is known as 

plasma membrane which is made up of phospholipids. Proteins in this plasma membrane have 

two major roles in the generation of bioelectric potentials: the first is as an ion transporters which 

generates and maintains ionic gradients across the membrane and the second is facilitating the 

conduction of ionic currents through the membrane [13].  

Action potential: Action potentials are generated by excitable cells when there is a positive shift 

in the cell membrane’s potential. This triggers the Na+ channels to open and create an inward 

current which further increases the Na+ channel opening. This is known as depolarization. 

Depolarization is followed by repolarization where the Na+ channels are inactivated and the K+ 

channels are activated which generates an outward current. An action potential generated by 

the cell gives an intracellular voltage gradient and results in a longitudinal current flow to the 

adjacent cell regions forcing depolarization. This process is responsible for the propagation of 

action potentials in neurons and muscle fibers. Action potentials in skeletal and cardiac muscles 

recorded on the body surfaces are known as electromyograms and electrocardiograms, 

respectively.  

Postsynaptic currents: Neuron to neuron communications are mainly facilitated by chemical 

synaptic transmissions. Synaptic activation in dendrites generate an inward current towards the 

cell body and leaks out through the postsynaptic ion channels. This current returns to the cell 

body through the extracellular volume. It creates a dipole with a potential gradient and results in 

a loop of volume current. The cortical neurons in brain generates an extracellular signal that can 

be detected on the scalp. 
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2.1.1 Electroencephalography 

The brain is composed of different parts, each with a specific function and millions of neurons 

which generate electrical signals. Electroencephalography (EEG) refers to the measurement of 

electrical activity in the brain by placing electrodes on the scalp. EEG signals are collected from 

the electrodes and amplified using a differential amplifier circuit to eliminate the power line noise 

and other common noise sources. EEG recorded from the scalp is measured in microvolts. EEG 

signals are recorded by placing gold or silver coated electrodes on standard locations on head 

defined by international standards [14].  

Including the reference electrode behind the left ear on mastoid bone (Figure 2.1 (A)), electrode 

placement on the scalp according to the international 10-20 system requires 21 electrodes and 

is sufficient for most clinical applications as shown in Figure 2.1 (B), although a higher density 

EEG can be obtained using 256 electrodes.  The ground of the pre-amplifier is connected to any 

other part of the body such as the limbs[15]. EEG recorded from a healthy individual has an 

amplitude up to 100 μV and the relevant data is contained within the frequency range of 0.1 – 

100 Hz. An example of EEG is shown in Figure 2.1 (C). Various EEG rhythms are identified in this 

frequency range: delta (<3.5 Hz) occurs during deep sleep cycle, theta (4-8 Hz) occurs during 

drowsiness, alpha (8-13 Hz) occurs during relaxed state, beta (14 – 30 Hz) occurs during 

excitement and the rest is gamma signals (>30 Hz). Raw EEG is difficult to analyze, and its 

frequency domain analysis can provide a more detailed view, which is used to diagnose brain 

injuries, seizures, various stages of sleep cycle etc. Ultra-low EEG frequencies below 0.5 Hz are 

useful for monitoring epilepsy patients, and term and preterm babies. Modern technology has 

enabled EEG frequencies up to 1 KHz to be studied, giving a full picture of the brain. Brain signals 
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can be monitored both invasively and non-invasively. Invasive techniques produce better quality 

signals and provides better spatial resolution, but it takes time to delicately place the electrode 

system beneath the skin[11]. 

2.1.2 Electrocardiography 

Electrocardiography (ECG) is the measurement of heart’s activity and it can be measured by 

placing electrodes on the skin. Typically, the electrodes are placed on the torso, hands and legs. 

Compared to EEG, ECG has a higher signal amplitude ranging in millivolts (up to 5mV) and can be 

measured using flat or disc electrodes made of metal. Commonly used ECG features are mostly 

present between 0.05 – 100 Hz and for normal applications a bandwidth of 0.5 – 40 Hz is used. 

Silver/Silver chloride (Ag/AgCl) electrodes are widely used for ECG measurements due to their 

performance and cost effectiveness. 

Heartbeat signals generally have a distinguishable feature labelled with letters P, Q, R, S, and T 

as shown in Figure 2.1 (D). The so-called QRS complex of high amplitude wave represents the 

depolarization of the ventricles and the frequency of this wave can have variations based on the 

activity of the person. A notch filter should be used to remove powerline noise from the ECG 

wave. 

2.1.3 Electromyography 

Electromyography is the measurement of electrical signals produced by the skeletal muscle 

fibers. They are measured by placing electrode over the muscles. Like cardiac muscles, skeletal 

muscles produce action potentials and the rate of action potential generation depends on the 

activity of motor neurons that innervate the skeletal muscles. A motor neuron combined with 
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the muscle fibers it innervate is known as motor unit and the activation of motor units controls 

the force a muscle can produce and the frequency of the EMG. Frequency of the EMG signal can 

vary up to several thousands of Hz depending on the type of muscle and the method of signal 

acquisition. EMG recorded on the surface of skin is known as surface EMG and measurement 

with the use of invasive electrode is known as intra-muscular EMG. An example of EMG signal is 

shown in Figure 2.1 (E). 

 

Figure 2.1: Electrophysiological signals. (A)(B) electrode placement for EEG, (C) EEG signal, (D) 
ECG signal, (E) EMG signal, (F) EOG signal [11]. 

2.1.4 Electrooculography 

Human eyes act like a dipole with the front of the eye being positively polarized and the back 

negatively polarized. Electrooculography is the measurement of electrical signals produced by 

the motion of eyes by placing electrodes close to the eyeballs. EOG signals have higher amplitude 
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than EEG as they are outside of the skull which attenuates the EEG signal. They can be used to 

monitor blinking and a sample signal is shown in Figure 2.1 (F). 

2.2 Biopotential recording  

Biopotentials can be measured by invasive or non-invasive methods. Electrodes are the simplest 

transducers which transform ionic current into electronic currents that can be amplified, filtered, 

modified and displayed over peripheral devices [5, 16, 17]. Figure 2.2 shows the block diagram 

of a system for biopotential acquisition. 

 

Figure 2.2: Block diagram of biopotential measurement system. 

2.2.1 Skin 

Human skin is a protective layer for the human body from environmental hazards and it consists 

of three main layers as shown in Figure 2.3. Having only a thickness of 2mm, the outermost layer 

known as epidermis, forms the first layer of protection to the body. It is constantly renewing, and 

a layer of dead cells are present on top of the epidermis known as stratum corneum. This thin 

layer offers a high impedance to the skin-electrode interface. Stratum corneum can be removed 

by scratching the skin, but it can cause skin redness and infection[18]. The second layer of skin is 
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known as the dermis, which contains sweat glands, blood vessels and nerve endings. The third 

layer is a deep layer consisting of fat and is known as the subcutaneous layer. The surface of skin 

is rough and has wrinkles and pores which can be challenging to make conformal contact with 

hard electrodes [19]. 

 

Figure 2.3: Skin anatomy [11]. 

2.2.2 Different types of electrodes for biopotential recording 

Electrodes can be classified mainly as invasive and noninvasive [20]. Proper selection of electrode 

is very important for any biopotential measurement as the signal is susceptible to motion 

artifacts, powerline noise, and changes in electrode-skin interface impedance. 

Invasive electrodes refer to electrodes which penetrate through the tough, high impedance 

stratum corneum and reach the inner epidermis or dermis layer for signal measurement. Needle 

electrodes are an example of a conventional invasive electrode, but with advancements in 

technology microneedle devices which only penetrate the outer stratum corneum have become 

a reality. Invasive electrodes provide better signal amplitude due to reduced skin impedance and 
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help in reducing motion artifacts. On the contrary, invasive electrodes can cause pain and 

infection if they are not used correctly and sterilized.  

Non-invasive electrodes are electrodes placed on the surface of the skin and can be further 

classified as wet gel electrodes and dry electrodes. As non-invasive electrodes rest on the skin’s 

surface they suffer from the high electrode-skin impedance due to the presence of stratum 

corneum layer. Wet gel electrodes use an electrolytic gel between the skin’s surface and the 

electrode, which can be metallic discs, or plates [21]. However, once the electrolytic gel gets 

dehydrated the quality of signal gets lowered and the output will be dominated by motion 

artifacts.  

A non-invasive alternative to wet gel electrodes is dry electrodes. As described in the name they 

do not use electrolytic gel for the skin-electrode interface [22]. They are widely used for long 

term biopotential monitoring. As the skin-electrode impedance is higher for these electrodes, 

they require a pre-amplifier with high input impedance to match with the skin impedance. Dry 

electrodes can be classified into (a) contact electrodes, and (b) non-contact electrodes. Contact 

electrodes are made to adhere to the rough skin without leaving any air gaps and improve the 

direct contact with the skin. Metallic plates, disc or other conducting materials can be used as 

dry electrodes, but they are not conformable to skin which can lead to additional impedance [23]. 

These types of challenges are solved by fabricating micro/nano features on the dry electrode 

which further increase the conformability and reduce motion artifacts [24-28]. Conductive 

polymers are also used as dry electrodes, as they are flexible and can be more conformal to the 

skin. Non-contact dry electrodes work by capacitive coupling, they use an insulating layer on the 

electrode and hence no net charge flow happens. These electrodes are connected to very high 
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input impedance amplifier and the capacitance generated between skin and the electrode is 

measured. The quality of these electrodes depends on the material properties of the insulating 

layer, and the insulating layer needs to be conformal to the skin to reduce the rise of parasitic 

capacitance and to mitigate motion artifacts. Also, insulating material should be chosen with 

consideration of toxicity to the skin, porosity and endurance [29, 30]. A comparison of various 

standard electrodes is provided on Figure 2.4, where normalized impedance is measured against 

frequency sweep. 

 

Figure 2.4: Electrode skin impedance comparison of various standard electrodes [11]. 

2.2.3 Electrode skin interface 

Pre-gelled wet electrode  

Pre-gelled wet electrodes provide good performance at low cost. Its skin interface model is 

shown in Figure 2.5 (A). A layer of conductive electrolyte is present between electrode and skin. 

This forms a half-cell between the electrode-electrolyte electrochemical interfaces (Ehc). The 

parallel capacitor Cd and resistor Rd represent the double layer formed between electrode and 
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the electrolyte and Rg represents the resistance of the electrolyte. Stratum corneum, which is an 

insulating layer, results in an ionic concentration difference resulting a potential Ese. Underneath 

the stratum corneum is the epidermis layer, and it can be represented by the resistance Re and 

capacitance Ce in parallel. The next layer consists of blood vessels and hair follicles and is known 

as dermis, it can be represented by a resistance Ru. Silver/silver chloride electrodes are an 

example of pregelled wet electrode which is used widely. 

 

Figure 2.5: Electrode skin interface modelling, (A) Pregelled wet electrode, (B) Dry electrode, (C) 
Needle electrode, (D) Capacitive electrode [31]. 

Non-penetrating dry electrodes  

Because dry electrodes do not have conductive gel in between the electrode and skin surface, 

the contact area is filled with air gaps and sweat. The skin-electrode contact can be modelled 

using a parallel resistance Rg and capacitance Cg and the interface has a half-cell potential Ehc due 

to the presence of sweat and humidity. The insulating stratum corneum creates an ionic charge 
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difference depicted by Ese. Contact impedance for dry electrodes is high due to non-

conformability, but can be improved by applying pressure on the electrode [32, 33]. Dry 

electrodes are mostly made of stiff materials such as metals which limit their conformability [34]. 

Moreover, dry electrodes are susceptible to motion artifacts during attachment to the skin, but 

once they settle on the skin the effects of motion artifacts are reduced. Figure 2.5 (B) shows the 

corresponding electrical model of the dry electrode-skin interface. 

Penetrating dry electrode 

Penetrating dry electrodes use sharp penetrating tips to penetrate through the dead cell layer 

(the stratum corneum) and reach the conductive epidermis layer. The contact between electrode 

needles and epidermis is represented by a half-cell potential Ehc and the capacitance Ce and 

resistance Re of the epidermis acts in parallel as shown in Figure 2.5 (C). Penetrating dry 

electrodes can drastically reduce the skin impedance by directly making connection with the 

inner epidermis and avoiding the high impedance stratum corneum. This can be irritating for the 

user in long term measurements and can cause infection if proper sterilizing precautions are not 

taken. 

Capacitive dry electrode 

Capacitive dry electrodes do not contact the skin directly; the conductive part is separated from 

the skin using an insulating layer of material which is conformable to the skin. The presence of 

dielectric between skin and electrode is represented by parallel capacitance Ci and a resistance 

Ri as shown in Figure 2.5 (D). The presence of insulating material reduces the skin irritation and 

they can be integrated into clothing and textiles.  
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2.2.4 Noise in biopotential recording 

Noise is an unwanted signal captured in the measured biopotential. Measurement of 

biopotential from skin includes noise due to various factors. Noise can corrupt the signal and it is 

very important to minimize the noise during biopotential measurement. The most relevant 

sources of noise in biopotential measurements are the following: 

Galvanic skin responses 

Galvanic skin response (GSR) is an electro-dermal response created on the skin due to emotional 

variations. It is noted that with emotional states such as stress, anger, happiness, and excitement 

a voltage change happens on the skin surface. This is used in lie detectors and a lie is observed 

by large fluctuations in GSR. GSR can be measured by placing electrodes between thumb and 

palm. GSR supplies an additional source of voltage to the electrodes which are intended to 

measure the ionic currents from tissues, muscles, and neurons and act as a noise source. 

Skin resistance response 

Skin resistance response is similar to GSR except it is a measurement of the variation of skin 

resistance caused by the stimulation of sweat glands. Stimulation of sweat glands produces sweat 

and it acts as a conductive medium for current hence reducing the skin resistance. Conversely, 

dry skin is devoid of an additional conductive medium which results in a high measured skin 

resistance. Variation of skin resistance can be correlated with environmental stimuli, as well as 

physical and emotional stimuli. A reported change of 5-25 KΩ in skin resistance is observed after 

the stimulus occurrence [35].   
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Electrode skin conductivity 

A wet electrode placed on the skin with a gel acting as a conducting medium acts like a half-cell 

and any contaminants on the skin will affect the half-cell potential. Studies suggest that the 

presence of contaminants on the skin can cause fluctuations in the signal stemming from the 

disturbance of ions in the double layer [36].  

Motion artifacts 

Motion artifacts are generated due to the movement of skin, the electrode or the attached wire 

itself. Due to the movements, deformation will happen to the attached skin and this will change 

the skin impedance. These changes can be observed as large potential fluctuations in the 

measured signal. In the same way, when the skin or the electrode moves, the uniformity of gel is 

disturbed alongside the distribution of ions in the double layer of the half-cell. This creates a 

potential fluctuation which in turn can cause the addition additional noise during biopotential 

measurements. Motion artifacts are a big challenge in biopotential measurement as artifacts are 

found in the low frequency spectrum where application of signal filters can inadvertently 

eliminate useful signals as well. Motion artifacts are typically between 1 – 10 Hz. 

Powerline noise 

Powerline noise is characterized by the presence of chronic sinusoidal 50/60 Hz element in raw 

biopotential measurements. Powerline noise is resulted due to the presence of devices which 

employ alternating current as the power source. It is eliminated by applying band-stop filters on 

the raw biopotential signals with a central cut-off frequency of 50/60 Hz.  
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2.3 Recent technological advances in electrodes for biopotential 

recording 

2.3.1 Capacitive carbon nanotube-based electrode 

 

Figure 2.6: Capacitive Carbon Nanotube based electrode, (A)(B) Design, (C) electrode on head, 
(D)(E) Description of design, (F) Electrode-skin interface impedance [37]. 

To overcome the challenges created by gel electrodes and dry electrodes, non-contact EEG 

measurement is introduced by Lee et al. (2016). Capacitive electrodes do not require gel and 

makes conformal contact with the skin for signal measurement. Carbon nanotube/ adhesive 

Polydimethylsiloxane (CNT/aPDMS) composite based dry electrode is capable of being highly 

elastic, self-adhesive, and making conformal contact with the hairy scalp. The electrode consists 

of a CNT/aPDMS layer at the bottom which sticks to the hairy scalp and conducts the signal, it is 

separated from the disc using a PDMS ring. The disk is made of pillar shape structures to increase 

the capacitive sensing area and it is coated with Gold/Titanium (Au/Ti) layer and insulated using 

parylene C. Hence hair and any air gap between the electrode and scalp do not affect the 
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capacitive sensing. Figure 2.6 (A) shows the difference between a normal electrode and 

CNT/aPDMS on a hairy scalp and 2.6 (B) shows the different layers of the capacitive electrode.  

Figure 2.6 (C),(D) and (E) shows the adhesion of electrode to scalp, detailed structural description 

respectively. The Capacitive electrode can be attached on the scalp with a gentle pressure and 

the composite fills in the gaps between hairs. The adhesion force of the electrode was found to 

be 1.6 N/cm2 and it was reduced after repeated detachment-attachment cycle. The presence of 

parylene C coating as the insulator prevents the leakage current to a large extent. Also, the 

presence of pillars for capacitive sensing reduced the electrode impedance to 117 KΩ from 726 

KΩ for a structure without pillars. The impedance response is shown in Figure 2.6 (F). The 

drawback with capacitive sensing is the requirement of an ultra-high input impedance amplifier 

and even though the CNT/aPDMS layer reduces the effect of hairs in between the electrode and 

scalp, with dense hair it is not at all possible to make contact with the scalp. 

2.3.2 A 3D printed dry electrode 

 Dry electrodes are used for long term ECG/EEG recording, and with three-dimensional printing 

of dry electrodes, mass production of electrodes can be achieved at low cost. Salvo et al. (2012) 

fabricated an electrode using acrylic based photopolymer consisting of 180 conical needles on a 

base. All of the conical shaped structures are sputtered with a gold layer and a titanium layer is 

used to promote adhesion between gold and polymer. Figure 2.7 (A) (B) shows the prototype of 

the proposed electrode. Each needle is 3 mm in height. They have a base diameter of 600 μm 

and tip diameter of 100 μm. Needles are separated from each other by 250 μm distance and 

based on the thickness and density of hair, tip length of the needles can be increased.  
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The Power spectral density of the 3-D printed electrode shows its applicability in medical grade 

measurements and the electrode-skin interface impedance of the electrode is shown in Figure 

2.7 (C). Although the design promotes mass production, it is worth noting that the fabrication 

procedure utilizes costly materials and the sharp needles can cause discomfort to the skin of the 

user during long term measurements. Also, the electrode needs to be attached to the skin by 

some additional means which can make it bulky to wear. 

 

Figure 2.7: (A),(B) 3D printed dry electrode, (C) Contact impedance of 3D printed electrode, (D) 
PDMS-Metal dry electrode, (E) Contact impedance of PDMS-Metal electrode [38, 39]. 

2.3.3 PDMS-metal dry electrode 

For long term EEG measurement, a flexible dry electrode made of PDMS is proposed by Wang, 

Liu, Yang, and Yang (2012). The design consists of 10-20 cylindrical projections of diameter 1mm 
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and height of 5mm from a PDMS base of diameter 15 mm. They are made by casting PDMS into 

an aluminum mold and baking for 2 hours at 70◦ C. Later the structure is sputtered with Au having 

a thickness of 0.2 μm and a parylene C coating is applied over the PDMS to enhance the adhesion 

between gold and PDMS. The resulting device is shown in Figure 2.7 (D). 

The results showed the impedance of their dry electrode was comparable to the wet gel 

electrode and the impedance change with time was also studied, which showed the stability of 

the dry electrode over time. The impact of contact area on electrode impedance was also studied; 

two electrodes were fabricated one with 13 pins and another one with 21 pins. The results show 

the reduction in impedance with increasing the contact area, and the results are displayed in 

Figure 2.7 (E). 

2.3.4 Reverse-curve-arch-shaped dry EEG electrode 

J. S. Lee, Park, Kim, and Han (2015) proposed a reverse curve arch shaped electrode as an 

alternative to spiky electrodes. The proposal addresses the drawbacks of spiky electrodes such 

as small contact area and pain. The electrode is made of sterling silver which is 92.5% silver and 

7.5 % copper and printed using a three-dimensional (3D) printer. The arch curvatures were made 

to fit the curvature of the head and disperse the pressure equally instead of delivering it through 

one point. Each arch is 1.2 mm wide and five of the arches are separated by 0.8 mm in between 

them. Figure 2.8 (A), (B) shows the placement of the electrode on a hairy scalp, and pressure is 

applied to promote contact with the hairy scalp. 

Their results were comparable to standard Ag/AgCl wet gel electrode impedances and the user 

feedback study suggests the proposed design is comfortable for long use. Figure 2.8 (C) compares 
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the impedance of the proposed electrode with an Ag/AgCl electrode and needle electrode. From 

the results it can be clearly understood that performance of reverse arch shaped electrode is not 

on par with the Ag/AgCl electrode performance, however it provides a better result than the 

needle electrode. Another disadvantage is the necessity of an external adhesive to fix the 

electrode on to the scalp. 

2.3.5 Graphene electronic tattoo sensors 

Epidermal electrodes are a group of emerging wearable sensors which are very thin and soft. 

Most epidermal electrodes are made with thin metal films and nanoparticle-based inks and are 

not suitable for long term biopotential measurement as they break easily with stretching of the 

skin. Graphene is a single layer of carbon atoms arranged in a hexagonal honeycomb lattice with 

very good electrical and mechanical characteristics. Graphene (Gr) is suitable for epidermal 

sensing due to its nanoscale thickness and mechanical and electrical properties. Graphene 

electronic tattoo sensors (GET) proposed by Kabiri Ameri et al. (2017) are made of filamentary 

serpentines of graphene coated with polymethyl methacrylate (PMMA) with a total thickness of 

463 nm. GET is more than 40% stretchable and it permits ~85% of visible light to pass through it 

making transparent. GET can be used to measure ECG, EEG, EMG and EOG. GET laminated on the 

forearm can be seen on Figure 2.8 (D) and 2.8 (E) shows EEG measurement setup.  

GET is fabricated using a cost-effective high throughput procedure known as wet transfer, dry 

patterning. To support the thin layer of graphene, a PMMA layer is added before retrieving 

graphene from copper. The sheet resistance of Gr/PMMA layer is around 2 kΩ and the serpentine 

ribbons have a dimension of 0.9 mm in width and 2.7 mm in radius to make it stretchable. No 

skin preparation and gel are required, and it can be applied to glabrous skin similar to a tattoo. 
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As the GET is highly conformable with the skin, the contact area is large which directly translates 

to a low contact impedance. Contact impedance on Figure 2.8 (F) shows that similarity between 

GET and Ag/AgCl electrode which has a contact area ten times greater than that of GET. Due to 

its small thickness and the high Van Der Waals force of attraction of the graphene layer, GET does 

not need any extra adhesives. A disadvantage with these types of epidermal sensors is its non-

usability on hairy skin and they face limitations while interfacing with hard electronics. 

 

 

Figure 2.8: (A)(B) Reverse curve arch shaped dry electrode, (C) Contact impedance of reverse 
curve arch electrode, (D) Graphene electronic tattoo (GET), (E) EEG measurement setup, (F) 
Contact impedance of GET [40, 41]. 
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2.3.6 Polymer-based candle-shaped microneedle electrodes 

Needle electrodes have been used for biopotential measurements for a long time, having 

relatively recently been largely replaced by microneedle electrodes with superior performance. 

Microneedle electrodes are sufficient to pierce the stratum corneum. As the needle size is very 

small, pain caused by penetration is minimal. Arai, Kudo, and Miki (2016) proposed a candle 

shaped microneedle electrode made from SU-8 (a commonly used negative photoresist) with 

needles 1 mm in height and 0.4mm in diameter. Microneedles are placed 0.43 mm apart from 

each other. These microneedles are covered with parylene C and silver. The sharp tip of the 

microneedle electrode helps to penetrate the stratum corneum.  

 

Figure 2.9: (A)(B) Polymer based candle shaped microneedle electrode, (C) Contact impedance 
of microneedle electrode, (D)(E) Silver nanowire based dry electrode, (F) Contact impedance of 
AgNW/PDMS electrode [42, 43]. 
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An array of microneedle structures and a closer view of the candle shaped microneedle can be 

seen in Figure 2.9(A),(B). Electrode-skin interface impedance is shown in Figure 2.9(C) and the 

results show a huge disparity in contact impedance after 30 mins which can be caused due to the 

loose skin-electrode contact. It is recommended to press the electrode all the time towards the 

skin to have enough pressure. The disadvantage of this kind of electrode is, as it gets pressed 

against skin for long durations it will cause pain, skin reddening, and itching which limits practical 

applications of this electrode. 

2.3.7 Wearable silver nanowire dry electrodes 

Myers, Huang, and Zhu (2015) proposes a silver nanowire (AgNW) based dry noninvasive 

electrode for wearable electrophysiological sensing. The AgNW is mixed with PDMS which 

prevents the AgNWs from delaminating and dispersing throughout the matrix while creating a 

highly conductive surface. The electrode is shown in Figure 2.9 (D)(E) and the electrode-skin 

interface impedance in (F). Later the conductive PDMS/AgNW patch is pressed against a metal 

snap which can be connected to a signal recording device. Electrode impedance was measured 

by applying varying pressures on the electrode, with an increased pressure corresponding with 

lower impedances. It was found that 0.27 psi, referred to as medium pressure gives a good 

electrode impedance and increasing the pressure above this can cause discomfort to the user. 

Pressure is exerted using a velcro strap. ECG measurement shows the PDMS/AgNW electrode 

has few motion artifacts compared to Ag/AgCl wet gel electrode which can be attributed due to 

the presence of the relatively tight velcro strap.  
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2.3.8 Self-adhesive epidermal carbon nanotube electrode 

S. M. Lee et al. (2014) fabricated an epidermal electrode for biopotential measurement by 

dispersing carbon nanotube throughout an adhesive PDMS matrix. The electrode is capable of 

repeated adhesion to the skin and maintains a conformal contact even with wrinkled skin. The 

electrode was used to measure ECG and it was also capable of recording signals underwater. The 

composite prepared was biocompatible. In order to make the aPDMS conductive, Carbon 

nanotubes (CNTs) were mixed using a wetting and flow stress process through which the 

entangled CNTs were dispersed. The prepared composite was able to produce an adhesion force 

of 1.1 N/cm2 and has a low elastic modulus of 27.5 kPa which is comparable to the skin (130 kPa). 

Results show that the motion artifacts are very low due to the ultra-conformal contact. The 

resulting device and results are shown in Figure 2.10. 

 

Figure 2.10: (A)(B) Self-adhesive epidermal PDMS/CNT electrode, (C) Contact impedance [24]. 

2.4 Drawbacks of standard electrodes for biopotential recording 

Hair 

The human scalp is one of the densest hairy surfaces in human body and EEG is measured by 

placing electrodes on the scalp. Hair density on the scalp has been found to vary between 50 -

500 hairs/cm2, depending on ethnicity and gender [44].Most commercial wet and dry electrodes 
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have flat surfaces and are designed to make conformal contact with the skin. However, the 

presence of hair on human skin and the scalp will present an additional layer of hindrance to the 

electrode’s conformal contact. Skin preparation is required to remove excess hair present on the 

skin and scalp for high quality signal measurement, and this can be inconvenient to the 

patient/user. An electrode design that can make conformal contact with skin/scalp with hair is 

essential to overcome this challenge. 

Adhesives 

Most of the electrodes used for biopotential measurement do not have self-adhesiveness and 

they require an external support and adhesive to stick on to the skin. Commercial electrodes 

depend on acrylic based adhesives due to their high adhesion force (~ 3 N/cm2) and some 

electrodes use mechanical supports to adhere to the skin. Although acrylic based adhesives 

provide enough adhesion for the electrode, they can cause skin irritation, redness, and can be 

difficult to remove after use. These adhesives are particularly painful to remove after being 

applied to areas with body hair. Use of mechanical supports, however, are non-user friendly and 

they make the setup bulky.  

Conformability 

Commercial electrodes are mostly made using hard materials and the electrode body forms a 

rigid shape. On the contrary, human skin is robust, flexible, deformable and has a rough surface 

consisting of hair, crevices and bumps. A rigid electrode cannot conform to these detailed skin 

surfaces, which in turn leaves air gaps and wrinkles. Hence it increases the contact impedance 

and motion artifacts. A conformable electrode on the other hand can cover the rough skin surface 

and adhere very strongly avoiding air gaps and reducing motion artifacts. 
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2.5 Summary 

In this chapter various biopotentials are explained including EEG, ECG, EMG and EOG. In order to 

understand the characteristics of an effective electrode, the anatomy of human skin is presented 

and electrical models of the skin with various types of electrodes are discussed. A brief 

description of relevant research in this field followed, alongside a description of important 

challenges that need to be addressed.  
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Chapter 3  

Capillary Analysis  

In previous chapter the drawbacks of conventional electrodes for biopotential recording 

were discussed. The goal of this thesis was to develop a novel electrode that can adhere to hairy 

skin and enable high quality signal recording made by a low-cost and scalable fabrication process. 

The developed fabrication process will be discussed in detail in the next chapter. However, one 

of the key parameters in optimization of the fabrication process is the capillary effect in the 

polymer used in the fabrication of the electrodes. This chapter presents analysis of various 

parameters affecting the capillary rise of a polymer when a capillary tube or any other capillary 

cavity is inserted in a pool of a liquid and a polymer.  More specifically, this chapter discusses 

capillary action, its various phases , parameters affecting the capillary rise of the specific polymer 

(PDMS) used in the fabrication of our electrodes and our experimental results validated by the 

theory [69]. 

3.1 Capillary action 

Capillary action or capillary rise is the rise of a liquid in a tube or pore, above zero pressure 

due to net upward force produced by the attraction of the liquid molecules to a solid surfaces 

[70]. Capillary rise happens when the adhesion of liquid molecules to the solid surface is strong, 

and it is supported by a strong cohesive force between the liquid molecules (surface tension). 

When a millimetric tube is inserted into a reservoir of liquid if the force of attraction between 
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the millimetric tube walls and the liquid is adhesive in nature, the liquid will climb up the tube 

walls until the adhesion force is balanced by gravitational force. This height is known as 

equilibrium height. But when considering the dynamics of capillary rise, various forces such as 

inertia, viscosity and gravity resist the upward rise of liquid with different weight at different 

phases of the rise [71]. Different phases of capillary rise and transition between them can be 

studied using the momentum balance equation of the liquid (surface tension 𝜎, viscosity 𝜇, 

density 𝜌) inside the capillary tube (radius a)(as shown in Figure 3.1) [72]. The momentum 

balance equation can be written as, 

 𝑑

𝑑𝑡
(𝑚(𝑡)ℎ̇(𝑡)) = 𝐹𝑇𝑂𝑇 

(3.1) 

 

 

Figure 3.1: Capillary rise in a capillary tube. 

Equation 3.1 defines the relation between the rate of change of upward momentum of liquid to 

the total force acting on the system according to the conservation of momentum law [73-76], 

where m(t) is the mass of the liquid column as a function of time, ℎ̇ is the velocity of the capillary 

rise,  and h(t) is the height of liquid column at time t,  m(t) is given as, 
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 𝑚(𝑡) = 𝜋𝑎2𝜌ℎ(𝑡) (3.2) 

Where, a is the tube radius, and 𝜌  is the density of the liquid. Substituting Equation 3.2 in 3.1 

results in Equation 3.3,  

 𝜋𝑎2 𝑑

𝑑𝑡
(𝜌ℎℎ̇) = 2𝜋𝑎𝜎 cos 𝜃 − 𝜋𝑎2𝜌𝑔ℎ − 2𝜋𝑎

4𝜇ℎ

𝑎
ℎ̇  (3.3) 

Where, 𝜃 is the contact angle between liquid and capillary tube interface, h is the capillary rise 

height and 𝜇 is the viscosity of the liquid. The right hand side of Equation 3.3 consists of capillary 

force in upward direction, and gravitational force and liquid viscous force in downward direction. 

The Equation 3.3 can be simplified to the Equation 3.4 and Equation 3.5 as bellow: 

 𝑑

𝑑𝑡
(𝜌ℎℎ̇) =

2𝜎 cos 𝜃

𝑎
− 𝜌𝑔ℎ −

8𝜇ℎ

𝑎2
ℎ̇ 

(3.4) 

 

 2𝜎 cos 𝜃

𝑎
=

𝑑

𝑑𝑡
(𝜌ℎℎ̇) +

8𝜇ℎ

𝑎2
ℎ̇ +  𝜌𝑔ℎ 

(3.5) 

Equation 3.5 shows the momentum balance of a liquid inside a capillary tube. In the Equation 

3.5, the left hand side is the capillary force and the right-hand side combines the effect of inertial 

forces, viscosity, and gravitational force. To model the capillary action the following assumptions 

are made (i) the flow is one dimensional, (ii) no friction or inertia effects of displaced air occur, 

(iii)  entry effects in the liquid reservoir are neglected, (iv) the viscous pressure loss inside the 

tube is given by the Hagen-Poiseuille law valid for laminar flow, (v) the contact angle and the 

tube/pore radius, a, was assumed to be constant [74]. The dynamics of the capillary rise includes 

inertial, viscous, and viscous-gravitation phases, before reaching the equilibrium height, where 

capillary force is completely balanced by gravitational potential. All these forces do not affect the 
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capillary rise concurrently and the liquid goes through different phases successively [77]. In the 

following sections these different phases will be discussed. 

3.1.1 Inertial phase 

When a capillary tube is inserted into a liquid reservoir liquid goes through an inertial phase, 

where the liquid viscosity and the influence of gravity is negligible due to undeveloped 

Poiseuille’s flow and the small mass of liquid in the tube. In this phase, momentum balance of 

liquid can be written using Equation 3.5 and by neglecting the viscous and gravitational terms. 

Therefore, the dynamics in this regime results from a process of achieving the balance between 

inertia and the capillary force. Therefore Equation 3.5 is simplified as  

 2𝜎 cos 𝜃

𝑎
=

𝑑

𝑑𝑡
(𝜌ℎℎ̇) 

(3.6) 

 
 

ℎℎ̈ + ℎ2̇ =
2𝜎 cos 𝜃

𝜌𝑎
 

(3.7) 

During initial regime, experimental results shows that capillary rise has a constant meniscus 

velocity of ℎ̇~(𝜎
𝜌𝑎⁄ ) [78]. Hence acceleration h ̈=0 and substituting this in Equation 3.7 results 

in Equation 3.8,  

 

ℎ = √
2𝜎 cos 𝜃

𝜌𝑎
𝑡 

(3.8) 

   
Equation 3.8 describes the relation between capillary height and time of capillary rise during the 

inertial phase (also known as the initial regime).  
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3.1.2 Viscous phase 

Once the liquid rising through initial phase establishes a Poiseuille’s flow, after time, 

𝜏~ 𝜌𝑎2 𝜇⁄ , viscosity begins to play role in resisting the upward flow of liquid. This regime is known 

as viscous regime or Washburn regime described in 1921 by Washburn [79, 80]. The viscous 

phase can be reinterpreted as the time required for the viscous boundary layer to diffuse across 

the tube width. The transition from the inertial phase to the viscous phase can be either 

extremely short or considerably long depending on the liquid viscosity and the radius of the 

capillary tube. It is longer for wide tubes and liquids with low viscosity such as water and light oils 

and much shorter for very thin tubes and for viscous liquids [74, 77]. In a millimetric tube, for 

instance, with an oil 300 times more viscous than water, the time 𝜏 is 3 𝑚𝑠 , and the 

corresponding spatial extension 𝑐𝜏 is only a fraction of a millimeter – making this regime 

indistinguishable from the establishment of the meniscus at the onset of the rise[78]. The 

momentum balance equation of a liquid at this phase can be written by neglecting the inertial 

and gravity effects in Equation 3.5, since the fluid is in a completely developed flow phase and 

the mass of the liquid is very small. Resulting Equation 3.9 equating capillary rise with viscous 

forces, 

 2𝜎 cos 𝜃

𝑎
=

8𝜇ℎ

𝑎2
ℎ̇ 

(3.9) 

   

 
ℎ𝑑ℎ =  

𝜎𝑎 cos 𝜃

2𝜇
𝑑𝑡 

(3.10) 

   

 
ℎ2 =

𝜎𝑎 cos 𝜃

2𝜇
𝑡 

(3.11) 
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Rearranging Equation 3.9, solving for capillary height h results in Equation 3.11, known as 

Washburn’s equation, which can be used to predict the capillary height up to 10% of the 

equilibrium height with up to 3.7% error. After that, the error rate increases due to growing the 

effect of gravity  [74]. 

3.1.3 Visco-gravitational phase 

Once the liquid reaches 10% of maximum reachable height gravity can no longer be 

neglected, hence both viscous effect of fluid and gravitational potential need to be considered in 

momentum balance equation. Applying these conditions to Equation 3.5 results in, 

 2𝜎 cos 𝜃

𝑎
=

8𝜇ℎ

𝑎2
ℎ̇ + 𝜌𝑔ℎ 

(3.12) 

Equation 3.12 can be expressed by the following differential equation (D.E.), 

 𝑎ℎℎ̇ + 𝑏ℎ = 𝑐 (3.13) 

Where a is  
8𝜇ℎ

𝑎2
, b is  𝜌𝑔, and c is 

2𝜎 cos 𝜃

𝑎
. Solving the D.E. analytically results in two types of 

solutions. In implicit form the solution is described as, 

 
𝑡(ℎ) =

−ℎ

𝛽
−

𝛼

𝛽2
ln (1 −

𝛽ℎ

𝛼
) 

(3.14) 

Where, 𝑡(ℎ) is the time as a function of capillary rise height. 

And in explicit form the solution is described as, 

 
ℎ(𝑡) =  

𝛼

𝛽
[1 + 𝑊 (−𝑒−1−

𝛽2𝑡
𝛼⁄

)] 
(3.15) 

Where 𝛼 =
𝜎𝑎 cos 𝜃

4𝜇
, 𝛽 =

𝜌𝑔𝑎2

8𝜇
 and W(x) is a Lambert W function[77].  
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The above derived Equations 3.14 and 3.15, can be used to model the visco-gravitational phase 

of capillary rise. 

3.1.4 At equilibrium 

Once the capillary force and gravitational force are in equilibrium, liquid meniscus will reach to 

the equilibrium state where the upward and downward forces are equal. This is known as 

equilibrium state of capillary rise.  Making these assumptions to Equation 3.5 results in 

momentum balance equation of the following form, 

 2𝜎 cos 𝜃

𝑎
= 𝜌𝑔ℎ 

(3.16) 

Equation 3.16 equates the capillary force with gravitational force. Further rearranging Equation 

3.16 gives the equilibrium height equation of the capillary action as, 

 

 
 

Equation 3.17 gives the equilibrium capillary height, and the height of the liquid column is directly 

proportional to the surface tension (𝜎) and contact angle(𝜃), and inversely proportional to the 

density of the liquid (𝜌) and radius of the capillary tube(𝑎). 

 

Figure 3.2: Various phases of capillary rise at different time [81]. 

 
ℎ =

2𝜎 cos 𝜃

𝜌𝑔𝑎
 

(3.17) 
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Figure 3.2 summarize the capillary action and its various phases. In summery capillary rise of a 

liquid consists of mainly three phases, where the first phase of rise is influenced by inertial forces 

and the rise has a constant velocity as described in Equation 3.8. With increased viscous effects 

of the liquid, capillary rise enters the viscous phase which can be modelled using Equation 3.11. 

By increasing the mass of the liquid in the capillary tube, gravitational force and viscosity 

decelerate the capillary rise, this phase is known as viscous-gravitational phase. Capillary rise 

during this phase can be modelled using Equation 3.14 and 3.15. Finally, the capillary rise reaches 

an equilibrium height where the gravitational potential equals with capillary force and Equation 

3.17 gives the equilibrium height. 

3.2 Three phases of capillary rise in PDMS precursor 

In order to study various phases of capillary rise in PDMS precursor an experimental approach 

was taken.  

In order to fabricate a tulip-like microstructure array and make CNT-polymer composite based 

electrodes capable of adhering to hairy skin, a mold, consisting of an array of spheres, was 

partially dipped in a pool of PDMS-CNT polymer composite precursor (this process will be 

discussed in detail in the following chapters). The mold acts as a porous solid and polymer 

composite precursor climbs up and covers the surface of the spheres due to the capillary effect. 

It is critical to estimate the capillary rise height and rise time of polymer composite precursor in 

order to form proper tulip-like microstructures arrays. Viscosity, contact angle and surface 

tension of the PDMS precursor play key roles in controlling the capillary rise and optimization of 

the fabrication process. Capillary rise can be finely tuned by modifying these parameters in the 
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PDMS precursor. Viscosity, surface tension and contact angle of the PDMS precursor can be 

altered by applying heat to it and initiating  the formation of polymer chains [82]. 

Before fabricating CNT-polymer composite based electrodes, we first studied the capillary action 

phases in PDMS precursor and the effect of heat on the capillary height and rise time and then 

the obtained results were used to optimize the electrodes fabrication process. In the following, 

the three phases of PDMS precursor capillary phase will be discussed and the effect of key 

parameters in adjusting capillary height and rise time will be presented. 

3.2.1 Inertial phase in PDMS precursor  

Inertial phase is the first and a relatively short (few seconds) phase of capillary rise. During the 

inertial phase, inertia resists against the upward motion of the liquid in a capillary tube.  

A liquid flowing in a tube initially encounter turbulent flow before entering to the laminar flow 

later. During turbulent flow, a liquid undergoes irregular fluctuations, whereas in laminar flow, 

liquid flows smoothly in the tube due to the increased effect of viscosity.  Reynold’s number is 

used to predict if a certain liquid flow in the capillary tube is laminar or turbulent. Equation 3.18 

is used to calculate the Reynold’s number for liquids:   

 
𝑅𝑒 =  

𝜌ℎ̇𝑎

𝜇
 

 

(3.18) 

where, 𝑅𝑒 is the Reynold’s number, 𝜌 is the density of the liquid, ℎ̇ is the velocity of the capillary 

rise, 𝑎 is the radius of the capillary tube and 𝜇 is the viscosity of the liquid. At small values of 

Reynold’s number, flow is dominated by laminar flow and at larger values, flow is dominated by 

turbulent flow.  

Inertial phase time duration for a liquid can be calculated using the following equation [70]: 
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𝜏 =
𝜌𝑎2

4𝜇
 

 

(3.19) 

Where, 𝜏 is the inertial time period, 𝜌 is the liquid density 𝑎 as the radius of capillary tube and 𝜇 

is the viscosity of the liquid. Equation 3.19 can be rewritten in terms of Reynold’s number as, 

 

 

 

𝜏 = 𝑅𝑒 ×
𝑎

4ℎ̇
 

 

(3.20) 

From Equation 3.20, it can be noted that inertial phase time period is proportional to the 

Reynold’s number.  

We calculated Reynold’s number of unheated and heated PDMS precursor to determine the flow 

type. Capillary rise velocities of heated and unheated PDMS precursor in capillary tubes with the 

radius of a = 600 ± 25 μm, were measured using a microscopic camera. Viscosity of both unheated 

and heated PDMS were measured using Rheologica rheometer. Unheated PDMS precursor with 

density of 965 kg/m3 has viscosity of 3.5 Pa. s, and capillary rise velocity of 0.22 mm/s.  Whereas 

PDMS precursor heated at 75◦ C for three minutes has a liquid density of 965 kg/m3, viscosity of 

17.72 Pa. s, and capillary rise velocity of 0.22 mm/s. Reynold’s number for both unheated and 

heated PDMS precursor is calculated using Equation 3.18 and results are shown in Table 3.1.  

 The obtained Reynold’s number of unheated and heated PDMS precursor were calculated 

as 39.4 × 10−6 and 6.9× 10−6 respectively. Using Equation 3.20, substituting for Reynold’s 

number inertial phase time can be calculated. Calculated inertial phase time for PDMS precursor 

is 2.69× 10 -5 s. Since the inertial phase time for PDMS precursor is very small, both unheated 

and heated PDMS precursor enters laminar flow shortly after initial capillary rise. This indicates 
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the increased influence of viscous forces in PDMS precursor capillary rise. Hence the inertial 

phase for unheated and heated PDMS precursor inertial phase is neglected and it is not 

considered in modelling [10]. 

Table 3.1. Calculated Reynold’s number for heated and unheated PDMS samples. 

Sample Viscosity 
𝝁 (𝐏𝐚. 𝐬) 
 

Velocity 𝑽 (𝐦𝐦/𝐬) 
 

Reynold’s number, 𝑹𝒆 
  

Unheated PDMS 
precursor 

3.5  0.22 39.427 *10 -6 

Heated PDMS  
precursor 
 

17.72  0.22 6.91* 10-6 

3.2.2 Viscous phase in PDMS precursor 

As mentioned earlier, the inertial phase of capillary rise is significantly short and negligible. By 

increased viscous effects of both unheated and heated PDMS precursor, the viscous phase is 

dominant in capillary rise. Capillary rise during the viscous phase is mathematically expressed 

using Equation 3.11, 

ℎ2 =
𝜎𝑎 cos 𝜃

2𝜇
𝑡 

(3.11)  

In Equation 3.11, ℎ is the capillary rise, 𝜎 is the liquid density, 𝜃 is the contact angle, 𝜇 is the liquid 

viscosity, 𝑡 is the rise time, and 𝑎 is the capillary tube radius. For PDMS precursor, viscosity is 

given as 3.5 Pa.s, which is a highly viscous fluid. Also with heating, viscosity of PDMS precursor 

increases and it is shown in Figure 3.4. This also shows that the effect of viscosity in PDMS 

precursor capillary rise is higher and this phase needs to be considered to model the capillary rise 

inside the spherical bead array.  
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3.2.3 Visco-gravitational phase in PDMS precursor 

Once the PDMS precursor reaches 10% of the equilibrium height the effects of gravity are no 

longer negligible and the following mathematical expression (Equation 3.14) needs to be used to 

model the capillary action, 

 
𝑡(ℎ) =

−ℎ

𝛽
−

𝛼

𝛽2
ln (1 −

𝛽ℎ

𝛼
) 

(3.14)  

 

Where 𝛼 =
𝜎𝑎 cos 𝜃

4𝜇
, and 𝛽 =

𝜌𝑔𝑎2

8𝜇
, ℎ is the capillary rise, 𝜎 is the liquid density, 𝜃 is the contact 

angle, 𝜇 is the liquid viscosity, 𝑡 is the rise time, 𝑔 is the acceleration due to gravity and 𝑎 is the 

capillary tube radius. Equation 3.14 shows the relation between the capillary rise time and the 

capillary rise height. 

Fabrication of tulip-like microstructure array was performed by the dipping of an array of spheres 

in PDMS precursor pool (discussed in chapter 4). Spheres with radius of 0.75 ± 0.25𝑚𝑚 are used 

for the fabrication. An array of these beads can be approximated as a porous structure with a 

spacing of 1 mm between each other. The entire mold can be assumed to be an array of vertical 

capillary channels with an approximate length of 0.75 ± 0.25𝑚𝑚 and radius of 0.5 mm. 

Gravitational force can be neglected for capillary rise below 10% of the equilibrium height of the 

PDMS precursor. For the PDMS precursor, equilibrium height was measured as 8.5 mm for a 

capillary tube with radius of 0.5 mm. Hence the height of the vertical channels in the spherical 

mold is around 10% of the equilibrium height of the PDMS precursor, the effect of gravitational 

force can be neglected in the capillary rise modelling inside the spherical mold. 
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Figure 3.3: Simplified model of the mold in contact with PDMS reservoir used as a unit cell to 
model the capillary action during fabrication. 

A simplified model of the mold in contact with PDMS reservoir using a unit cell to model the 

capillary action during fabrication is shown in Figure 3.3. As the height of the capillary column is 

small and the Poiseuille’s region covers the entire capillary rise, a viscous model is chosen. The 

other two regions of the capillary flow do not affect this model. The same assumptions were 

taken by Washburn [80]. Therefore, the proposed fabrication procedure follows a capillary rise 

dominated by viscous force and it can be mathematically modelled using the formula given in 

Equation 3.11, 

ℎ2 =
𝜎𝑎 cos 𝜃

2𝜇
𝑡 

(3.11)  

Hence the capillary rise in the vertical channels of mold is dependent on contact angle 𝜃, liquid 

viscosity μ, surface tension 𝜎 of the PDMS precursor. The effect of these parameters on capillary 

rise of PDMS precursor is presented next section.  

3.3 Effect of PDMS precursor viscosity on capillary rise  

Equation 3.11 shows that the capillary rise time is proportional to the viscosity of the PDMS 

precursor. The viscosity of unheated PDMS precursor is 3.5 Pa. s and it changes by applying heat 
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to the PDMS precursor due to the formation of polymer chains in the precursor. A rheometer is 

used to measure the PDMS precursor viscosity changes with application of heat. 

 

Figure 3.4: Rheology measurement of heated and unheated PDMS precursor. 

A Sylgard 184 PDMS kit was used to prepare the samples. The kit consists of PDMS base and 

curing agent. To prepare the PDMS precursor, the base and curing agent were mixed in a 10 to 1 

ratio, respectively. The prepared precursor was degassed for 10 minutes before testing in order 

to remove trapped air bubbles. The viscosity of PDMS base is measured and compared with the 

datasheet value for the purpose of calibrating the rheometer. The viscosity of the PDMS base 

was measured as 5.2 Pa. s which is comparable to the datasheet value of 5 Pa. s, hence the 

rheometer is measuring accurate viscosity. Viscosity was measured by the application of a steady 

shear force (steady shear method) to the polymer precursor. In the steady shear method, the 
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sample is uniformly placed over the sample holder (a disc having a radius of 25 mm) and a 

maximum loading force of 8 × 104𝑃𝑎 and a shear rate of   6 × 10−3𝑠−1 is applied. The sample 

holder can be set to specific temperature for sample heating and for our measurements, it was 

set to 75◦ C. The viscosity of heated PDMS precursor at 75◦ C for 195 s, 215 s, 235 s, 255 s and 270 

s were measured and the results are shown in Figure 3.4. 

 In Figure 3.4, viscosity of PDMS precursors is provided. The viscosity values of PDMS 

precursor heated for 195 s, 215 s, 235 s, 255 s and 270 s at 75◦ C were measured to 

be16.2 Pa. s, 37.5 Pa. s, 120 Pa. s, 822 Pa. s, 12,000 Pa. s respectively. A drastic increase in 

viscosity of PDMS precursor occurs between the third and fourth minutes of heating. Since the 

capillary rise time is proportional to the viscosity as shown in Equation 3.11, rise time can be 

managed by increasing the viscosity of PDMS precursor. Therefore, applying heat can be a control 

mechanism in optimization of our electrode fabrication. We found our measured viscosity in 

agreement with other studies [77, 78, 83]. 

3.4 Effect of PDMS precursor surface tension on capillary rise  

 
 

Figure 3.5: The variation in surface tension of PDMS precursor with temperature [75, 84]. 
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Equation 3.11 indicates that the surface tension of a liquid is inversely proportional to the 

capillary rise time. Surface tension is measured as the required energy to increase the surface 

area of a liquid by unit of area. Surface tension of PDMS precursor reduces with applied heat. 

Surface tension is reduced due to the increasing of PDMS molecules thermal energy which results 

in reducing the cohesive force between PDMS molecules. Surface tension of PDMS precursor is 

21.5 mN/m at 300 K and 16 mN/m at 350 K [75, 84]. Figure 3.5 shows the variation of surface 

tension with temperature. Reduction of surface tension thereby reduces the capillary height [84, 

85]. From the equilibrium Equation 3.11, it is evident that the capillary rise height is directly 

proportional to the surface tension. 

3.5 Effect of contact angle of PDMS precursor on capillary rise 

Contact angle is the angle at which a liquid makes contact to a solid. It is an indication of the 

wettability of solid by a certain liquid. Generally, if the liquid contact angle is less than 900 , liquid 

is considered to have affinity towards the solid surface and if the angle is more than 900, liquid 

exhibits an aversion towards the solid surface. Experiments were performed to measure variation 

in contact angle of PDMS precursors due to applying heat to them.  Contact angle was measured 

for unheated PDMS precursor and PDMS precursor heated at 75◦C for 1, 2 and 3 minutes. 

Measured contact angle of PDMS precursor in a capillary tube with different heating time at 75◦C 

is shown in Figure 3.6. From the experiments performed, it is observed that contact angle of 

PDMS precursor is temperature dependent and it increases with increasing temperature. 

Variation in contact angle occurs due to the reduction of adhesive force between PDMS precursor 

and the glass substrate [86]. Measured contact angle for PDMS precursor is shown in Figure 3.6; 
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for unheated PDMS contact angle is measured to be 28◦ and it changes to 56◦ after three minutes 

of heating at 75◦C.   

 

Figure 3.6: Variation in the contact angle of PDMS precursor with temperature, (A)unheated 
PDMS precursor, (B)PDMS precursor heated at 75◦C for 1 min, (C) PDMS precursor heated at 75◦C 
for 2 min, (D) PDMS precursor heated at 75◦C for 3 min. 
 

Using Equation 3.17, equilibrium capillary rise can be calculated. Capillary height is directly 

proportional to the cosine value of contact angle. Therefore, it can be seen that the contact angle 

and the equilibrium height are inversely proportional. Table 3.2 shows the variation in measured 

contact angle, surface tension, and the calculated and measured equilibrium capillary height of 

PDMS precursors before and after applying heat to it. Equilibrium height measurements were 

performed by inserting a capillary tube with the radius of 600 ± 25 μm into the PDMS precursor 

pool. Results in Table 3.2 shows the effect of surface tension and contact angle on the capillary 

rise height. Variations in equilibrium height were observed with heating. Hence PDMS precursor 
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heating can be used as another control mechanism to reduce capillary rising and Figure 3.7 shows 

the reduction in capillary rise of PDMS precursor with heating. 

Table 3.2. Equilibrium capillary height of PDMS precursor before and after applying heat. 

Sample  Contact angle 𝜽 

(degrees) 

Surface tension 

𝝈 
(mN/m) 

Calculated 

Equilibrium 

Height(mm) 

 

Measured 

Equilibrium 

Height(mm) 

 

Unheated PDMS 

precursor 

28 21.5 6.2 5.7 

Heated PDMS 

precursor (1 min at 

75◦C) 

 40  16  4.72 4.9 

Heated PDMS 

precursor (2 min at 

75◦ C) 

 43  16  4.48 4.3 

Heated PDMS 

precursor (3 min at 

75◦ C) 

56 16 3.4 3.25 

  

     

 

Figure 3.7: The change of equilibrium capillary height due to applying heat to the PDMS 
precursor.  
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3.6 Summary 

In this chapter capillary action and various phases of capillary rise were discussed. The capillary 

rise in PDMS was experimentally and theoretically studied.  During the capillary rise, a liquid goes 

through three phases - inertial phase, viscous phase, and visco-gravitational phase. For PDMS 

precursor in the proposed electrode fabrication setup, capillary rise can be modelled using 

viscous phase, as the influence of inertial phase and visco-gravitational phase is negligible. From 

the viscous phase mathematical formulation, capillary rise time is proportional to viscosity, and 

inversely proportional to contact angle and surface tension. In PDMS precursor, surface tension 

and contact angle reduces and viscosity increases with heating. Therefore, the PDMS precursor 

heating can be used as a control mechanism to optimize the fabrication procedure of tulip-like 

microstructure array. 
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Chapter 4  

PDMS Based Tulip-like Microstructure Array Fabrication and 

Characterization 

4.1 Motivation 

A biopotential electrode consist of two major components, a transducer converting the ionic 

biopotential to electronic signal and an adhesive patch to support the electrode on the skin. 

Acrylate based adhesives are used to attach biopotential electrodes to skin due to reliability and 

strong adhesion. These adhesives can provide up to 3 N/cm2 adhesion force for an extended time, 

but they cover large area of skin reducing the skin breathability. Long term usage of acrylate 

adhesives can result in itching, irritation and reddening of skin. Also, these electrodes can trap 

sweat which varies skin impedance and causes voltage fluctuations in the biopotential 

measurements.  Acrylate based adhesives are hard to remove and do not work in dense hairy 

areas. An alternative solution to acrylate-based adhesives are dry adhesive patches made with 

nanoscopic, microscopic or macroscopic structures. These structures generate adhesion force 

due to structural characteristics, mostly contributed by van der Waals force of attraction, which 

is a weak force of attraction between surfaces due to large contact area. Suction force is another 

structural force generated due to negative pressure created inside craters and suction cups. 

Materials also have adhesive properties due to their chemical composition; PDMS can be used as 
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a biocompatible adhesive and the adhesiveness is caused by presence of uncured PDMS in the 

sample. These dry adhesive patches are biocompatible and are skin friendly for long term 

wearable devices by providing high ventilation of air and moisture with less chemical 

contamination. In nature organisms such as gecko and octopus use these structure induced 

forces to move around (Figure 4.1) [87-89]. 

 

Figure 4.1: (A) (B) Gecko and gecko foot, (C) Octopus arm [88-90]. 

Available dry adhesive patches are mostly  incapable of sticking to hairy areas due to high density 

pillar based design. Also, they normally provide adhesion force up to 1.3 N/cm2 which requires 

large contact area for sufficient adhesion [91]. To overcome these drawbacks, a new dry adhesive 

patch with low density pillar structure needs to be designed [92].  
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4.2 Background 

Dry adhesive patches are mostly inspired from nature and following are some of the bioinspired 

dry adhesives. 

4.2.1 Self-assembly of octopus-inspired nanosucker arrays for dry/wet adhesion 

 

Figure 4.2: (A)(B) Octopus inspired nanosucker array, (C) Adhesion force measurement for the 
nanosucker array over repeated cycles [93]. 

Functional structures inspired from nature have been widely used as an alternative to adhesives 

for many years. In nature, octopus uses its arms consisting of centi-meter scale suckers for 

attaching to objects and catching prey. Inspired from octopus, a nanosucker array made using 

PDMS produces adhesion force to the pressed surface due to the negative pressure created 
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inside the nanosuckers [93]. They are fabricated by casting PDMS over nanosucker array mold 

made of self-assembly colloidal crystals.  

Fabricated nanosucker arrays as shown in Figure 4.2 (A), (B) are pressed against the glass 

substrate, and they deform with the release of internal air forming a seal between the substrate 

generating adhesion force. Adhesion force measurements shows that the nanosucker array 

produces 3 N force on dry glass substrate and 2.8 N on wet glass substrate. Also, it is significant 

to note that the adhesion force is maintained for 10 repeated attach-detach cycles and later a 

reduction in adhesion force was observed. The results are depicted in Figure 4.2 (C). Reduction 

in adhesion force can be attributed due to the contamination of structures from the substrate. 

This shows the potential of structural adhesion force as a replacement to strong chemical 

adhesives. 

4.2.2 Enhanced skin adhesive patch with modulus-tunable composite micropillars 

Bae et al. (2013) fabricated an enhanced dry adhesive patch with composite micropillars. It is 

inspired by gecko’s toe pad, which has micro and nano hairs hierarchically organized to give 

strong adhesion. Dry adhesive patch consists of micropillars made of hard PDMS (Young’s 

modulus: ∼8.2 MPa) and have a top layer integrated to the stem made of a soft PDMS (Young’s 

modulus: ∼0.8 MPa). These soft pads contact undulations on the skin, and are supported by 

pillars made of hard PDMS. Figure 4.3 (A)(B) shows the fabricated modulus-tunable composite 

micropillars. PDMS with 15 weight percent curing agent was used for the stem fabrication and 5 

weight percent curing agent was used for top pad. It is recommended to use 10 weight percent 

of curing agent by the manufacturer but curing agent ratio can be varied to make soft and hard 

PDMS. The variation in adhesion force with varying PDMS curing agent is shown in Figure 4.3 (D). 
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Figure 4.3: (A)(B) Modulus tunable micropillars, (C) Adhesion for of micropillars after repeated 
cycles, (D) Adhesion force of pristine PDMS and microstructure PDMS [94]. 

Adhesion force measurements were performed by pull off experiments and an adhesion force of 

2 N/cm2 were measured on the human skin for 30 attach-detach cycles and the results are shown 

in Figure 4.3 (C). Enhanced dry adhesive was capable of supporting electrodes during normal daily 

activities even though it started peeling off during dynamic activities. The fabricated dry adhesive 

patch did not result in any irritation to the skin, including redness, allergy, or skin damage.  

4.2.3 Adhesion characteristics of PDMS surfaces during repeated pull-off force 

measurements 

PDMS is one of the materials widely used for fabricating dry adhesive patches due to its chemical 

inertness, easiness to handle, and non-toxicity. The PDMS kit named Sylgard 184 two component 
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system offers a Young’s modulus ranging from 100 kPa to 10 MPa by just varying the weight 

percentage of the curing agent. Devices fabricated with PDMS tend to stick to the surfaces and 

the adhesion force is measured by pull off experiments. But during the contact with surfaces, 

PDMS transfers uncured oligomers to the contact surface and with repeated attach-detach cycle, 

the adhesion force reduces. This can affect the adhesion force generated by the PDMS devices 

and limit their use in long term. 

Kroner, Maboudian, and Arzt (2010) studied the transfer of oligomers between PDMS and 

surfaces. During the first contact with the surface, free oligomers are pulled out from the PDMS 

surface and transferred to the contact surface as shown in Figure 4.4, which increases the initial 

adhesion force. With repeated attach-detach cycle, the number of oligomers on the contact 

surface will reach a dynamic equilibrium and the adhesion force will remain stable from there. 

This limit the use of fabricated devices to utilize the adhesion property of PDMS. 

 

Figure 4.4: Transfer of oligomers during repeated contact between PDMS and surface [95]. 

4.3 Designing PDMS based tulip-like microstructure array 

Considerations such as effect of hair density, required suction force, limitations from fabrication 

process are very important for the design of tulip-like microstructure array. As the device is 
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intended to be placed on skin with both low density (e.g. chest area) and high- density hair (e.g. 

scalp), specific care should be taken to make sure that the device is able to make good contact 

with the skin avoiding hairs [96]. Major structural forces assisting dry adhesive patches are van 

der Waals force of attraction, suction force, and chemical forces due to material property. Van 

der Waals force of attraction requires higher contact surface area to become predominant. 

Another structural force which can support the dry adhesive patch is suction force which can be 

increased by increasing the volume of the suction cavity.  

To address the drawbacks faced by high density pillar based dry adhesive patches, a low-density 

PDMS based tulip like microstructure array for dry adhesion is proposed and to compensate the 

reduction of van der Waals force, suction force is introduced as an alternative. Each device 

consists of a base made of PDMS having an area of 1 cm2 and tulip like structures emerging from 

the base with a density of 16 – 36 numbers/cm2. Top of the tulip like structures have a suction 

cup with varying diameters of size 1, 1.5 and 2 mm as shown in Figure 4.5. The wall thickness of 

suction cups should be small in order to conformably adhere to the skin. Height of the stem of 

tulip-like structure can be varied depending on the hair density and it is 500±400 μm. These tulip-

like structures can evade the high density hair and the thin suction cup walls can adhere to the 

skin conformably. Also, PDMS is capable of providing an additional adhesive force due to uncured 

oligomers. This adhesion force is high during initial contacts and decreases with repeated cycles. 

Considering a flat electrode, which does not adhere to the skin fully due to the presence of hair, 

these PDMS based tulip-like microstructure arrays can provide good adhesion on hairy skin as 

shown in Figure 4.6.  
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Figure 4.5: Designed electrode with tulip-like microstructure array. 

 

Figure 4.6: Proposed electrode and standard electrode on a hairy skin. 

4.4 Experimental approach 

4.4.1  PDMS based tulip-like microstructure array fabrication 

In order to prove the concept of suction force as an alternative to strong chemical adhesives, the 

designed structure was fabricated using PDMS and corresponding suction force was measured. 

A low-cost scalable procedure was developed, and it uses a mold made of precision glass beads 

to fabricate tulip-like structure with suction cups at top. 
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To make the mold, three types of precision silica glass beads were purchased from Cospheric, 

having different sizes of 1 mm, 1.5 mm and 2 mm. All beads were rinsed thoroughly before use. 

From the study of capillary rise in chapter three, it is known that with equilibrium capillary height 

increases with decease in capillary tube radius. To reduce the rise of PDMS precursor in between 

the silica glass beads, they were placed 0.75±0.25 mm apart from each other. Mold preparation 

is shown in Figure 4.7.  

 

Figure 4.7: Detailed mold preparation procedure. 

Initially, a shadow mask was cut on a thin plastic sheet using a programmable mechanical cutter 

in the expected bead placement arrangement. Using a tweezer, beads were arranged on the 
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shadow mask and a temporary adhesive was used to keep the beads intact. Once the beads were 

placed on the shadow mask, it was transferred to a glass slide coated with an epoxy layer. Epoxy 

is spin coated on the glass slide to make a uniform 100 μm layer. Spin coating of epoxy was 

performed at 500 RPM. Once the beads were transferred to the glass slide coated with epoxy, it 

was kept aside for 30 minutes to completely cure. Once the epoxy was cured, mold was washed 

using DI (deionized) water to clean the dust and epoxy remaining from the surface. Then the 

mold can be used for fabrication. 

In order to hold the sample in place, a custom sample holder was made using glass slides. The 

sample holder was attached to the stationary bottom plate of the fabrication setup, and it had a 

hot plate attached to it in order to cure the sample. Fabrication setup had a movable top plate 

to which the mold was attached, which can be moved in the upward and downward direction 

with 100μm resolution manually with the help of a microscopic camera. 

Sylgard 184, a two component PDMS kit consisting of base and curing agent was used for device 

fabrication. PDMS base was mixed well with the curing agent in 10 to 1 ratio. Air bubbles 

generated while mixing were removed by placing the sample inside a degassing chamber for 15 

minutes. After removing the trapped air in PDMS precursor, the sample was then transferred to 

the custom-made glass sample holder and the surface of PDMS precursor was levelled to create 

a uniform surface for fabrication. Before starting the fabrication, mold was sprayed with a release 

agent bought from Mann Release Technologies, and it helped to demold the PDMS structure 

after fabrication without causing damages to the structure. PDMS precursor was heated for 4 

mins at 75◦ C before the fabrication procedure in order to reduce capillary rise, as discussed in 

Chapter three. Once the sample reached the viscosity range of 800 𝑃𝑎. 𝑠-1000 𝑃𝑎. 𝑠 , mold was  



58 
 

 

Figure 4.8: Detailed PDMS based tulip-like microstructure array fabrication process. 

attached to the fabrication setup and lowered using the precise motion-controlled stage and the 

beads were partially dipped in the PDMS precursor. Once the surface of the beads was covered 

by PDMS, stage was moved upwards for 1 ± 0.5 mm forming the stem of tulip-like structures. 

Temperature of the hot plate was increased to 120◦C and the sample was kept for 3 hours to 

completely polymerize. After 3 hours, hot plate was turned off and the sample was air cooled 

and separated by moving the top plate of the setup in upwards direction. Due to the presence of 
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release agent on beads, tulip like structure detached without structural damage. The sample can 

be used after thorough cleaning with DI water to remove any contaminants [97]. Detailed 

procedure is shown in Figure 4.8. 

4.4.2 Suction force measurement 

Suction force of fabricated device was measured using custom made weights. Maximum suction 

force was measured by gently pressing the fabricated tulip-like microstructure array on 

measured weights and finding the maximum load it can carry. Before measurements, all the 

measured weights were cleaned using Iso-propyl Alcohol (IPA) and any dust particles or oil on 

the surface were cleaned. Also, after one attach-detach cycle, the surface was cleaned to remove 

the transferred oligomers from PDMS to the substrate surface.  

4.5 Results and Discussion 

4.5.1 Device characterization 

Fabricated device is shown in Figure 4.9. Various tulip-like structures were fabricated with varying 

stem size and suction cup diameter. Figure 4.9(A) shows a single tulip-like structure with a thin 

stem and (B) with a thick stem. Tulip structure array has a PDMS base and the tip of the structure 

has a suction cup. Device characterization were performed with 30 fabricated samples and the 

variation in dimensions of fabricated samples were measured.  The radius of suction cup varies 

in the range 400 ± 200 μm. The wall thickness of suction cup was measured as 40 ± 15 μm, and it 

is higher at the bottom and lower near the ends. This helps the suction cup to make conformal 

contact and adhere to the skin and substrate surface. Also, the structure is capable of adapting 

to rough surfaces due to its flexible stems making it stick comfortably. The stem size of the 
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microstructure array was in the range of 600 ±300 μm. Tulip-like structure with a thick stem is 

more rigid compared to thin stem and it supports more applied pressure, whereas the thin stems 

tend to be flexible and bend when the load increases. The variation in microstructure dimensions 

were mostly contributed due to the manual error as the fabrication setup was human controlled. 

 

Figure 4.9: Fabricated PDMS suction cups, (A) thin stem suction cup, (B) Thick stem suction cup 
pressed against glass substrate, (C) Suction cup array. 

Fabricated device was tested on various surfaces including glass, skin, and plastic. The suction 

cups have higher adhesion force with glass as they are smooth, Figure 4.10 (A) shows the top 

view of suction cups pressed against glass slide. The tight seal between the thin cup walls and the 

glass can be observed and the low pressure inside the cup can be observed in the Figure. 4.9 (B) 

When the structure is pressed against the skin, it pushes air outside and the low pressure inside 

pulls the skin inside the cup which allows the suction cup to adhere to the skin. Figure 4.10 (B) 

shows the microscopic photo of a suction cup pressed against the skin and it can be seen that 

thin and soft suction walls were able to adhere to the rough surface of skin conformably. Also, 

the increased gap between electrode and the base of the electrode supports air ventilation. 
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4.5.2 Suction force measurement results 

To measure the maximum adhesion force generated by the PDMS based tulip-like microstructure 

array, a set of weights were custom made. Weights weighing 1 gm to 40 gm were made of glass 

and the structures were tested. Three samples with varying suction cup diameter were prepared 

and they were tested by attaching the microstructures with different weights. Results are shown 

in Table 4.1 and it shows the maximum suction force each of these devices can produce. The 

results show that large suction cups can produce large suction forces. A tulip-like microstructure 

array structure with suction cup diameter of 1mm was able to produce suction force of 170 mN 

(17 g) and a diameter of 2mm suction cup produced 363 mN (37 g) suction force on glass surface 

without the use of external adhesives. These tulip-like microstructure arrays showed good 

adhesion to glass substrates. They were also able to stick to the hairy skin areas such as scalp, 

forearm, and chest. Adhesion of tulip-like microstructure array on the forearm, and scalp is 

shown in Figure 4.11. After placing the microstructure array on skin, the subject was performing 

daily activities such as walking and the structure was able to hold on to the skin for 1 hour. Once 

the adhesion to the skin reduces, the structure can be reattached to the skin with a gentle press. 

 

 

Figure 4.10: Image of fabricated PDMS tulip-like microstructure (A) top view, (B) on skin. 
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Figure 4.11: Suction cup carrying battery on (A) hairy forearm, (B) top of head, (C) slanting surface 
of head. 

 

Figure 4.12: An array of suction cup sticking to forearm holding load a 10 g load. 

 

Figure 4.13: Images of an array of suction cups, (A) before attachment, (B) after it was pressed 
against a glass substrate. 
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Figure 4.12 shows the suction force measurement on forearm, where a load of 10 g is supported. 

On skin, microstructure array was able to hold up to 18 gm of load without any adhesive support. 

From the experiments conducted, adhesion force of microstructure array dropped after each 

attach-detach cycle. This is partially due to the contamination of suction cup from skin and also 

due to reduction in adhesive property of PDMS. With each attachment PDMS loses oligomers to 

the substrate surface. In order improve the adhesion, it is recommended to clean the skin with 

alcohol after each use. Also, the suction cups need to be washed with water. Figure 4.13 shows 

the deformation of an array of suction cups pressed against a glass slide and suction force 

between glass slide and cups can be clearly seen. 

The results show the applicability of suction force assisted tulip-like microstructure array as an 

alternative to strong chemical adhesives. This can be used in other applications such as robotics 

or large arrays can be used for industrial/household applications. 

Table 4.1. Suction force measurements. 

Diameter of 
suction 

cups(mm) 

Number of pillars Maximum weight 
lifted (gm) 

Suction force 
(mN) 

1 16 17 166.71 

1.5 16 30 294.2 

2 16 37 362.85 
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4.6 Summary 

This chapter discussed a fabrication process for PDMS based tulip-like microstructure array. A 

low-cost scalable process was developed for the fabrication and results from chapter 3 were used 

to adjust the viscosity of PDMS precursor and thereby reduce capillary rise during the fabrication 

procedure. The proposed process was successfully implemented to fabricate tulip-like 

microstructure array. Suction force measurements of tulip-like microstructure array were 

measured on glass substrate and hairy skin. The fabricated device was capable of carrying a load 

of 37 g on attachment to glass substrate and a maximum load of 18 g on skin without the use of 

external adhesives. This serves as proof of concept and the developed fabrication procedure is 

used in next chapter for fabricating a conductive CNT-PDMS electrode. 
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Chapter 5  

CNT-Polymer based Electrodes for Biopotential Recording 

from Hairy Skin, Fabrication and Characterization 

5.1 Motivation 

Conventional electrodes are not capable of securely attaching to the hairy area of skin such as 

scalp, and to keep them on such area strong chemical adhesives or mechanical support is 

required. The skin interface for many biopotential recordings such as EEG, ECG and EMG are 

through hairy skin. Long-term, reliable, recording of biopotentials from such skin can greatly 

benefit individuals suffering from medical conditions without interrupting their daily life. In this 

chapter the fabrication of a CNT-PDMS composite based electrode that can adhere to hairy skin 

for high quality signal recording is discussed. We have developed a novel time and cost effective 

fabrication method for high throughput manufacturing of the electrodes. In order to increase the 

conformability of the electrodes to skin, and enable high quality signal recording, a trace amount 

of wet gel was applied on the tip of tulip-like microstructure, prior attaching it to skin. The 

functionality of the electrodes for recording EEG and ECG from hairy skin, electrode-skin interface 

impedance, susceptibility to motion artifacts and signal to noise ratio (SNR) were investigated. 

 Polymer based electrodes are soft, flexible, can be made conformable to the skin and are 

mainly biocompatible, but usually they are not electrically conductive. One way to make 

polymers conductive is adding electrically conductive fillers such as graphene nano sheets, silver 
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(Ag) particles, silver nanowires (AgNW), carbon nanotubes (CNT) etc. [31, 98, 99]. CNT is a good 

filler material candidate since it is low cost, mechanically stretchable and lower weight 

percentage (3-9 weight %) of it can be used to make conductive CNT-polymer matrix [100]. CNTs 

dispersed in polymers such as PDMS have the tendency to aggregate and form large clusters due 

to their high surface area to volume ratio. To overcome in this challenge, chemical 

functionalization of CNTs is usually used to improve the percolation of the CNT in polymer 

precursors. Here, we used methyl group terminated PDMS with low viscosity for the 

functionalization of CNTs and forming conductive CNT-polymer composite [101, 102]. 

In this chapter, a brief background about CNT-polymer composite, motivation behind this work, 

the details of CNT-PDMS composite preparation process, fabrication and characterization of the 

electrodes, and biopotential measurements using our fabricated electrodes are presented. Also, 

the susceptibility of electrodes to the motion artifacts, skin-electrode interface impedance and 

signal to noise ratio of the recorded signal using our electrode was investigated and the 

comparison with commercial wet-gel electrodes was made.  

5.2 Background 

5.2.1 Carbon nanotubes 

Carbon nanotubes (CNTs) are made by wrapping graphene sheets into a cylindrical form and the 

circumference of the tube can be represented using a chiral vector 𝑪𝒉 = 𝒏𝒂𝟏 + 𝒎𝒂𝟐, where 𝑎1 

and 𝑎2are unit vectors, n and m are integers [103]. Graphene sheet can be wrapped in any axis 

and when the cylinder is along the x axis, the forming tube is known as zigzag nanotube. If the 

cylinder is rolled along y axis, it is known as armchair nanotube. If the cylindrical axis is nether x 

nor y, the resulting tube is known as chiral carbon nanotube. CNTs can be conducting or 
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semiconducting depending on their geometry. CNTs show extraordinary strength due to the 

carbon-carbon bond in their structure. It is known to be stronger than steel. CNTs can currently 

be fabricated using a variety of techniques including carbon arc discharge, laser evaporation and 

chemical vapor deposition [104]. 

5.2.2 Single-walled carbon nanotubes 

A single-walled carbon nanotube (SWCNT) is formed by rolling up a single sheet of graphene into 

tubular form. Diameter of SWCNT is 0.4 nm to 2 nm [105].Conductivity of SWCNT is reported to 

be in the range 200-500 S/cm [105]. They also have very high thermal conductivity of 2800–6000 

W/(mK) and tensile strength of 13-53 GPa [106]. 

5.2.3 Multi-walled carbon nanotubes 

Multi-walled carbon nanotubes (MWCNT) are one dimensional material (1D) made of graphene 

sheets consisting of few layers of carbon atoms. It can be defined as a nanometer sized (5 nm to 

80 nm in outer diameter and 10 μm to 30 μm in length) carbon filaments that have strong 

mechanical, electrical and thermal properties. MWCNT has a Young’s modulus of 270-950 GPa, 

tensile strength of 11 – 63 GPa, electrical conductivity of 100 S/cm and thermal conductivity of 

2500-4000 W/(mK) [107, 108]. Figure 5.1 (A) shows the structure of MWCNTs and the scanning 

electron microscope images of MWCNTs are shown in Figure 5.1 (B) and (C). Because of the high 

electrical conductivity of metallic CNTs as well as mechanical characteristics such as stretchability 

and mechanical strength they are widely used as a polymer filler. The challenge in forming a high 

quality CNT-polymer composite is proper dispersion of CNTs in polymer network. Due to the large 

surface area to volume ratio of CNTs, van der Waals force of attraction is high in CNTs and they 

tend to fold and aggregate in the polymer base and form large insolated clusters instead of 



68 
 

connected networks in the polymer. Chemical modifications combined with various mechanical 

methods of dispersing the CNTs in polymer precursor have been developed and used [109].  

Applying sufficient mechanical forces to the CNT-polymer dispersion can break the van der Waals 

force of attraction and separate the CNTs from the cluster. Whereas, chemical procedures help 

form a stable network of CNTs in polymer [110, 111]. Metallic MWCNTs are used for the 

fabrication of electrodes in this chapter due to their, high conductivity and high aspect ratio. The 

required electrical conductivity level can be achieved by mixing lower weight percentage of 

MWCNT with polymer [112]. 

 

Figure 5.1: (A) Multiwalled Carbon Nanotube, (B)(C) SEM image of MWCNT [113]. 

5.2.4 Polydimethylsiloxane (PDMS) 

 

Figure 5.2: Structure of PDMS molecule [114]. 
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Polydimethylsiloxane (PDMS) is a hyper elastic polymer from the silicone elastomers family. The 

molecular structure of the PDMS consists of a chain of repetitive units of silicon and oxygen bonds 

and methyl groups bonded to the main chain Low molecular weight PDMS is used as lubricants, 

antifoaming agents, and hydraulic fluids. Whereas higher molecular weight PDMS is a soft, 

complaint rubber used in soft lithography, biomedical device fabrications etc. [115]. The 

molecular structure of PDMS is shown in Figure 5.2. 

The PDMS used for the fabrication of the electrodes in this thesis was Sylgard 184 silicone 

elastomer bought from Dow[114]. It is a transparent elastomer with rapid, versatile heat assisted 

process of curing. It consists of two parts known as pre-polymer (base) and cross linker (curing 

agent) and to form fully crosslinked polymer chains, the weight ratio of base to curing agent 

should be 10 to 1. It has been a common practice to change the weight ratio of the base to curing 

agent to achieve different mechanical stiffness and curing time[116]. PDMS is widely used in 

biomedical devices due to its biocompatibility non-toxicity, chemical inertness and resistance to 

oxidization. 

5.3 Experimental approach 

5.3.1 CNT-PDMS composite preparation 

Conductive composite was made by mixing MWCNT in PDMS. As discussed earlier, due to the 

high surface area and large van der Waals interactions, CNTs tend to aggregate and form clusters 

in polymer. Aggregation of CNTs simply results in large gaps between CNT clusters and 

discontinuity of CNTs network within the polymer and therefore, adding large weight percentage 

of CNTs is required to form conductive polymer. Since CNTs mechanical stiffness is large (Young’s 
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modulus of 270 – 950 GPa)  increasing the weight percentage of CNT adversely affects the 

softness and stretchability of the polymer[112]. Clustered CNTs can be untangled by dispersing 

them in Isopropyl Alcohol (IPA). Each IPA molecule consists of a hydrophilic hydroxyl group (OH-

) and hydrophobic methyl groups (CH3-). The hydrophobic groups tend to attach to the CNTs and 

disperse them as shown in Figure 5.3.  

 

Figure 5.3: Chemical flow process of MWCNT-PDMS composite [109]. 

The CNTs were added in the IPA with weight ratio of in 1: 100 and suspension was placed in 

ultrasonic bath. The sonication was done at 20◦ C, the frequency of 40 KHz, and power of 100 W, 

for 30 min. We observed that increasing the sonication time can result in mechanical damages to 

CNTs hence, it can affect the electrical conductivity of CNTs and consequently CNT-polymer 

composite. If the sonication bath temperature increases to higher than 30◦ C can promote the 

clustering of CNTs. Once the CNTs are well dispersed, 20% weight percentage of silicone oil with 
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methyl functional groups was added to the CNT-IPA suspension and was well mixed. Silicone oil 

or methyl group terminated (MEP) is a low viscosity PDMS (100 cSt). MEP is a non-volatile 

polymeric organo-silicone material consisting of –(CH3)2SiO– chemical group, that can adhere to 

the hydrophobic CNT surface and avoids the aggregation of the CNTs [109].  

In the next step, the IPA/CNT/silicone-oil mixture was sonicated for 10 minutes. Next, PDMS base 

was added to the solution followed by mixing and sonication for 10 minutes. The sample then 

was kept on a hot plate at 55 ◦C for 20 hours in a fume hood to completely evaporate the IPA. 

The temperature of the hot plate was kept below 60◦C to avoid boiling the IPA [100]. Once the 

IPA is completely evaporated, Silicone-oil/CNT/PDMS was mixed with PDMS curing agent (10 

portions of base: 1 portion of curing agent). This mixture was stirred vigorously and placed in a 

vacuum chamber for 30 minutes to remove the trapped air and gas bubbles in the polymer 

formed during mixing and evaporation of IPA. The electrical conductivity of the mixture is then 

measured and recorded before the completion of polymerization.  

5.3.2 Electrification of CNT-PDMS composite 

To form a highly conductive and stretchable polymer composite, we combined the chemical 

methods of the dispersions with electrical approach of aligning the CNTs in the polymer 

precursor. Initially, CNT is dispersed in the PDMS precursor by applying mechanical forces and 

later the dispersed network is stabilized using chemical modifications. In order to increase the 

stretchability of polymer composite during fabrication process, electrical voltage is applied. The 

setup for application of electric voltage in CNT-PDMS composite is shown in Figure 5.4 (A). The 

top and bottom plate of the fabrication setup is coated with a chromium/gold (Cr/Au) layer and 

the electric voltage is applied between these electrodes. Due to the application of electric field, 



72 
 

at first CNTs form dipoles and the induced dipole moments rotate the CNTs to a certain angle 

aligning in the direction of electric field. These aligned CNTs attract each other head to head 

forming a chain like structure. Later, these chains of CNTs migrate towards the electrodes, and 

attach to them by discharging. These chains grow in length by absorbing other CNTs and finally 

forming a complete chain between the electrodes [117]. 

 

Figure 5.4: CNT alignment by applying AC voltage, (A) schematic of the setup used for CNT 
alignment, (B) CNTs were aligned in PDMS by applying AC voltage. 

To align the CNTs in the direction of the electric field, alternative current (AC) voltage (60 V, 12 

Hz) was applied between the electrically conductive mold (mold was coated by chromium/gold 

layers using e-beam evaporation system) and the CNT-polymer precursor. Application of voltage 

results in the alignment of CNTs in the direction of applied AC voltage as shown in figure 5.4 (B).  
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5.3.3 Fabrication setup 

To fabricate the electrodes that are capable of adhering to hairy area, the developed fabrication 

process presented in Chapter 4 was experimentally optimized and the electrification process was 

adapted in the process.   

After the fabrication of the mold using the fabrication process described in section 4.4, it was 

coated with 5 nm-thick film of chromium (Cr) covered with 100 nm-thick film of gold (Au), to 

make the mold electrically conductive. Chromium is used to increase the adhesive strength of 

gold to the glass mold.  

A custom made glass sample holder was also similarly coated with Cr/Au for the purpose of 

facilitating formation of electrical contacts to the CNT-polymer precursor. The fabrication setup 

was arranged as it was explained in the Section 4.4. The setup consists of a movable top plate 

and a stationary bottom plate, sample holder is placed on the bottom plate and heat was applied 

to it from bottom using a hot plate. Conductive mold was attached to the movable top plate in 

the setup, with the vertical displacement resolution of 100μm. An AC voltage of 60V with a 

frequency of 13 Hz was applied between the conductive mold and CNT-PDMS precursor reservoir 

buy connecting them to a voltage source. 

5.3.4 Fabrication procedure 

The fabrication procedure for electrodes is shown in Figure 5.5. Once the conductive CNT-PDMS 

precursor was prepared, it was transferred to the sample holder. Then it was placed in a vacuum 

chamber for 30 minutes to ensure removing any air or gas bubble. The sample then was loaded 

in the setup and the electrical connection to one terminal of the power source (voltage source + 
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power amplifier) was made using flat crocodile connector clip. The conductive mold was similarly 

connected another terminal of the power source. The temperature of the hot plate beneath the 

sample holder was set on 75 ◦ C. The mold was carefully moved down toward CNT-PDMS 

precursor reservoir to make a point contact with CNT-PDMS precursor. When they were in touch, 

power amplifier was turned on, and the AC voltage with the frequency of 13 HZ and amplitude 

of 60 V was applied between mold and CNT-PDMS precursor. Application of voltage results in the 

formation of polarized CNT dipole and the induced dipole moment causes the alignment of CNTs 

head to head in direction of applied voltage as it is shown in Figure 5.4 (B). Dropping voltage 

between the mold and CNT-polymer reservoir is the indication of forming CNT network in the 

polymer due the drop of electrical resistance the vertical direction.  While the voltage begins to 

drop, the mold was moved upwards, resulting in forming the stem of tulip-like structures. 

Application of voltage continue to the point where the voltage did not drop ant further. In this 

stage the temperature of the hot plate was increased to 120◦ C to accelerate the curing of the 

polymer and physically stabilize the microstructure array. After curing the polymer, the 

fabricated electrode was demolded. Prepared electrode was then characterized and used for 

biopotential recording. 
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Figure 5.5: The schematic of the fabrication process of the CNT-PDMS composite based electrode. 

5.3.5 EEG/ECG measurement setup 

OpenBCI is used for EEG and ECG signal acquisition. For ECG measurements, 3 electrodes were 

used, the ground electrode was placed under the clavicle near the right shoulder within the 

ribcage frame (RA) and the working electrode and reference electrodes were placed on the lower 

edge of left rib cage (LL) and under the clavicle near left shoulder within the rib cage frame (LA) 

respectively (see Figure 5.6 (A)(B)). The commercial, medical grade wet gel electrodes (3M 

electrodes) were also used to measure the ECG signal concurrently for comparison. Prior to 
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attach our fabricated electrodes to skin, the tulip-like structures where brought in contact to a 

thin layer of conductive gel smeared on a glass slides so that a trace amount of get adhere to the 

tip of tulip-like structures, then they were attached to the skin by applying minor force toward 

the skin. The electrical connection to the OpenBCI acquisition system was made using thin copper 

sheet attached to the electrodes using silver paste. Figure 5.4 (C) shows the OpenBCI acquisition 

system used in our experiments. Signal measurements were performed till 6 hours after 

attachment of electrode to the skin to investigate the capability of recording the signal for a 

longer-period of time and during daily activities.   

For EEG measurement, the working electrode was placed at the forehead, the reference 

electrode on the mastoid bone behind the ear and the ground electrode on forearm. Wet gel 

electrodes were also placed in the same location and were concurrently used for recording the 

EEG signal for the purpose of comparison. Using the electrodes, eye blinking and alpha signals 

were recorded and then Power Spectral Density (PSD) was calculated to obtain the band power 

of the recorded EEG alpha signal. Alpha signals are a dominant EEG signal during the relaxation 

when a person is awake but closing the eyes. The frequency of the alpha signal is between 8-12 

Hz. A digital 60 Hz notch filter was applied to the measured signal in order to remove power line 

noise and a bandpass filter with frequency band of 7-13 Hz was applied to obtained filtered alpha 

signal.  Also, a digital 60 Hz notch filter and a bandpass filter with the band width of 5-50 Hz was 

applied to the recorded ECG signal. All the electrode placements for EEG, ECG, and impedance 

measurements are shown in Figure 5.7. 
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Figure 5.6: Placements of electrodes for (A) ECG, (B) EEG. (C) Open BCI wireless data acquisition 
system. 

 

Figure 5.7: Attached fabricated electrode and Ag/AgCl wet gel electrode placements for (A) EEG 
measurement on forehead, (B) on chest for ECG measurement, (C) on forearm for skin-electrode 
interface impedance measurement. 
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5.4 Results and Discussion 

5.4.1 Fabricated device 

 

Figure 5.8: (A) Image of fabricated CNT-PDMS composite based electrode, (B) attached electrode 
on hairy forearm, (C) (D) attached electrode to hairy skull. 

Figure 5.8 (A) shows the photo of the fabricated electrodes. This electrode consists of an array of 

16 tulip-like structures made out of conductive CNT-PDMS composite. Suction cup heads of tulip-

like microstructure have a diameter of 1.5 ± 0.5 mm, the stem height of 800 μm and stem 

diameter of 500 ± 250 𝜇𝑚. Fabricated device was tested for maximum adhesion force by gently 

pressing the electrodes on glass substrate, and dense hairy sites such as scalp and forearm. Figure 

5.8 (C)(D) shows the electrodes on the scalp. The measured adhesion force was 98.1 mN (10 gm) 



79 
 

to glass substrate, 29.4 mN to hairy skin (3 gm) and 68.6 mN (7 gm) to hairy skin with the 

application of trace amount of medical grade gel. The measured suction force of CNT-PDMS 

electrode is less than pure PDMS based structure, this is due to the increase in stiffness of 

polymer composite with the addition of CNTs. Tulip-like structures with suction cups were able 

to evade the dense hair and comfortably stick on the head. Figure5.8 (B) shows an attached 

electrode to the hairy scalp holding a battery of 3 gm weight. This demonstrates the potential 

capability of holding circuitry and battery on the skin for signal amplification and wireless data 

transmission in future. 

5.4.2 Electrical resistance measurement of CNT-PDMS composite 

The weight percentage of CNT and silicone oil play key role in the electrical conductivity of the 

CNT-PDMS composite. To optimize the electrical conductivity of the CNT-polymer composite, 

different weight percentages of CNT and silicon oil were added to the PDMS precursor and the 

electrical resistance values were measured using a multimeter for each sample. Table   5.1 and 

Figure 5.9 shows the result of the measurements. CNT-PDMS composite with 4.5weight 

percentage of CNT and 20 weight percentage of silicone oil shows the lowest electrical resistance. 

The electrical resistance decreases with increasing CNT weight percentage.   CNT-PDMS 

composites with less than3 weight percentage of CNT did not show electrical conductivity, mainly 

because of not achieving the CNT percolation limit in the polymer. Resistance of fabricated 

electrodes increases by 200% after 30% of stretching mainly due to introducing changes in the 

CNT network within the polymer composite.  
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Table 5.1. The measured resistance values of CNT-PDMS composites with different weight percentage of 
CNTs. 

CNT weight % of 

total weight 

Si oil weight % of total 

weight 

Measured resistance (KΩ) 

Probe distance 1mm 

3 20 350 

3.5 20 23 

4 20 7 

4.5 20 1.7 

 

 

Figure 5.9: The diagram of measured resistance values of CNT-PDMS composites with different 
weight percentage of CNTs. 
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5.4.3 Electrode-skin interface impedance measurements 

 
Figure 5.10: The comparison between the electrode-skin impedance of developed electrodes and 
wet gel electrodes.  

Electrode-skin interface impedance is an important parameter in determining the quality of 

electrodes and their capability to record high quality of signal. Electrode-skin measurement of 

both wet gel electrodes and our developed electrodes were measured for comparison. 

Impedance measurements were performed by placing the electrodes on the forearm and 

connecting them to RLC meter, the frequency sweep was set between 20 Hz to 100 KHz. Even 

though biopotentials are concentrated between 0.5 Hz- 1 KHz, measurements up to 100 KHz 

were taken to characterize the nature of electrode-skin interface impedance. The results of the 

measurements are shown in Figure 5.10. Our results show the lower electrode-interface 

impedance of commercial wet gel electrodes at lower frequencies. This is due to the fact that the 

overall surface area of our electrodes is 28.26 mm2 smaller than wet gel electrodes (78.5 mm2). 

0

20

40

60

80

100

120

140

10 100 1000 10000 100000

Im
p

ed
an

ce
(K

O
h

m
)

Frequency (Hz)

Electrode-Skin Interface Impedance

Our electrode Commercial wet gel electrode



82 
 

It is known that the electrode-skin interface impedance is inversely proportional to the surface 

area of the electrodes [118].  The electrode-skin interface impedance reduces by increasing the 

frequency and this indicates the capacitive nature of interface of developed electrode with the 

skin. 

5.4.4 EEG measurement  

 

Figure 5.11: EEG signal recorded using our developed electrodes and wet gel electrodes. 

EEG recording was performed simultaneously by placing both developed electrode and the wet 

gel electrodes on skin as it is shown in Figure 5.7 (A). The recorded time domain signals are shown 

in Figure 5.11. The EEG blink artifacts can be clearly observed in the recorded EEG using both 

types of electrodes.  
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Figure 5.12: The PSD of recorded EEG signal, using both wet gel electrodes and developed 
electrodes. 

Recorded signal with the developed electrode shows a higher signal amplitude compared to 

commercial wet gel electrode. Alpha signal was successfully measured using the developed 

electrode, and the corresponding PSD is shown in Figure 5.12.  Alpha signals are between 8-12 

Hz and from the PSD of measured signal a higher amplitude of 10 Hz during closed eye period 

represents the presence of alpha signals. Compared to commercial electrode, signal amplitude 

was high and this is contributed due to the conformal contact between the electrode and the 

skin. Our results show that the developed electrodes are capable of high quality recording of EEG 

signal for the extended period of time.   

5.4.5 ECG measurement 

ECG measurements using Ag/AgCl wet gel electrodes and our developed electrodes are shown in 

Figure 5.13. ECG signals recorded using the developed electrode shows a higher amplitude than 

the wet gel electrode. But our electrode measurements show more susceptibility to motion 

artifacts. After placing electrode for six hours ECG measurements were performed to measure 
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the drop in signal quality and the results are shown in Figure 5.14. ECG signals measured 

immediately after placing both types of electrodes on the skin show higher amplitude in 

comparison to the signal measured after six hours. This can be contributed due to the drying of 

gel present at the interface of both electrodes and skin. Also, after few hours a gentle pressure 

need to be applied on top of our electrode in order to have better conformability. Although the 

signal to noise ratio of recorded signals using both types of electrodes are comparable after 6 

hours placing on the skin, developed electrodes shows higher susceptibility to the motion artifact 

than wet gel electrodes This can be contributed due to mechanical mismatch between the copper 

film electrical contact and soft CNT-PDMS composite.  

 

Figure 5.13: The Recorded ECG signals using (A) commercial Ag/AgCl wet gel electrodes, (B) our 
developed electrodes. 

 

Figure 5.14: The ECG signals recorded after placing on skin for 6 hours, (A) Ag/AgCl wet gel 
electrodes, (B) our developed electrodes. 

(A) 

(B) 

(B) 

(A) 
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5.4.6 Signal to Noise ratio (SNR) 

 

Figure 5.15: Comparison between the SNR of signals recorded using our developed electrodes 
and Ag/AgCl wet gel electrodes. 

Signal to Noise Ratio (SNR) is a ratio of signal power to noise power and it can be used to define 

and validate the functionality of electrodes for measuring the biopotentials. SNR usually is 

reported in decibels (dB) and higher SNR is always favorable. SNR can be calculated using the 

following equation,  

 𝑆𝑁𝑅 (𝑑𝐵) =  10 log10 (
𝑟𝑚𝑠 𝑠𝑖𝑔𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑟𝑚𝑠 𝑛𝑜𝑖𝑠𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
) (5.1) 

 

The results of SNR measurement of the signals recorded using wet gel electrodes and our 

developed electrodes are shown in Figure 5.15. The SNR was measured immediately after placing 
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both types of electrodes on skin and 6 hours after placing them to compare their long term 

performance. A bandpass filter of 1-50 Hz is applied to filter out the signal from the background 

noise. Immediately after placing wet gel electrodes the SNR was measured to be 13.36 dB while 

the SNR of the signal recorded from our developed electrodes was 19.08 dB which is significantly 

higher.  Six hours after placing the electrodes measurements were repeated and SNR values were 

measured. Our results show a reduction in SNR of recorded signal for both types of electrodes. 

But after six hours, the SNR of the signal recorded using our developed electrodes shows a 

significant drop from the initial measurement. This can due to the fact that our electrodes have 

considerably smaller contact area than wet gel electrodes and the amount of applied wet gel on 

the suction heads of tulip-like structure was very small therefore, the gel dries faster and the SNR 

drop more rapidly.   

5.4.7 Motion artifacts 

 

Figure 5.16: Motion artifacts in the recorded ECG signals using, (A) wet gel electrodes, (B) our 
developed electrodes. 

Motion artifacts were induced by the sudden movements of human subject during the recording 

of ECG signal using both developed electrodes and wet gel electrodes. Figure 5.16 shows the 

comparison between the generated motion artifact in the ECG signals recorded using both types 
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of electrodes simultaneously. Although both electrode types show low susceptibility to the 

motion artifact, our developed electrodes evidently are slightly more susceptible to the motion 

artifacts.  We believed; this is mainly due to unstable electrical contact to our soft electrodes. 

The mechanical mismatch between soft electrodes and hard metallic copper connection results 

in unstable electrical connection and more susceptibility to the motion artifacts.   

5.4.8 Comfortability 

Comfortability of wearing electrodes are an important factor for long term biopotential 

measurements. To compare the comfortability of our developed electrode with wet gel 

electrode, both electrodes were placed on forearm for six hours. Figure 5.17 shows the skin after 

6 hours. It is clearly visible that skin dehydrates with wet gel electrode and this causes itching 

and irritations to the user. On the contrary, our electrode was light weight and comfortable to 

wear for six hours. There was no visible marks of itching or irritation on skin. A thin residual layer 

of applied medical grade gel was present on the skin and it was easily removed with washing. 

Our electrode showed better comfortability than the wet gel electrode due to its design and small 

footprint.  

 

Figure 5.17: Comfortability test, (A) wet gel electrode (B) our electrode after 6 hours. 



88 
 

5.5 Summary 

This chapter discussed a process for fabricating CNT-PDMS based electrode for biopotential 

recording from hairy skin. A conductive CNT-PDMS composite was prepared and was used to 

fabricate the electrode. Fabricated device was characterized and biopotential measurements 

were recorded. Developed electrode showed a high signal to noise ratio and good skin-electrode 

interface impedance. Tests were conducted to study the comfortability and motion artifacts. 

Fabricated electrode was comfortable for long term measurements and was capable of signal 

measurements for long hours. 
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Chapter 6  

Conclusion and Future work 

6.1 Summary 

Research on a carbon nanotube polymer composite electrode with the ability to adhere to hairy 

skin for wearable health monitoring has been carried out to meet the requirements and 

challenges faced by the emerging wearable industry. Conventional electrodes are not capable of 

securely attaching to hairy skin such as scalp, and they are kept on the skin using strong chemical 

adhesives or mechanical support. A long-term wearable electrode for biopotential measurement 

from a dense hairy skin/scalp is very essential to make mobile health monitoring more accessible. 

This thesis has proposed an innovative solution to replace strong chemical adhesives to measure 

biopotentials such as EEG, ECG from hairy skin. A mathematical modelling of capillary rise was 

studied specifically for PDMS precursor and a control mechanism was developed for the 

fabrication process of tulip-like microstructure array. 

A low-cost scalable procedure was developed to fabricate the proposed electrode and 

experiments were carried out to measure biopotentials such as EEG and ECG from dense hairy 

skin. Adhesion capability of the developed electrode was tested on hairy skin and it was capable 

of supporting the electrode on the skin carrying up to 37 gm of load with the application of trace 

amount of medical grade gel. Signal to noise ratio and electrode impedance are also measured. 
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The results from the experiments confirms that the proposed electrode was capable of delivering 

to the par of medical grade wet gel electrodes and can be projected as an alternative to current 

electrode technologies. 

6.2 Thesis contributions 

The main contribution of this thesis are as follows, 

 A PDMS based tulip-like microstructure array was designed and fabricated to adhere to 

high dense hairy sites without the help of strong chemical adhesives. A low-cost scalable 

fabrication process was developed for the fabrication 

 A tulip-like microstructure array electrode was fabricated using a conductive CNT-PDMS 

polymer composite, and successfully able to measure EEG and ECG signals from high 

dense hairy sites with trace application of medical grade gel and suction force assisted 

adhesion. The developed electrode has better signal to noise ratio than the medical grade 

wet gel electrode, and it was comfortable for long term signal measurements. 

6.3 Future works 

Wearable electronic industry for health monitoring and entertainment is expected to grow in the 

next ten years, and there are opportunities to improve the performance, cost, and footprint of 

wearable devices. Following are the possible areas for future work: 

• Electrode-skin interface impedance and consequently the amount of adhesion force can 

be improved by increasing the conformability of the microstructure cups. This can be 

done by studying and further optimizing the mechanical characteristics of CNT-PDMS 

composite. 
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• Signal conditioning and wireless circuits can be integrated with the electrodes to allow 

wireless multichannel recording of EEG from hairy skull. Such system can be visually 

imperceptible and offer the user physical and mental comfort while using. 
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