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Abstract 

Physicians’ understanding of bio-signals, measured using medical instruments, becomes the 

foundation of their decisions and diagnoses of patients, as they rely strongly on what the 

instruments show. Thus, it is critical and very important to ensure that the instruments’ 

readings exactly reflect what is happening in the patient’s body so that the detected signal is 

the real one or at least as close to the real in-body signal as possible and carries all of the 

appropriate information. This is such an important issue that sometimes physicians use 

invasive measurements in order to obtain the real bio-signal. Generating an in-body signal 

from what a measurement device shows is called “signal purification” or “reconstruction,” 

and can be done only when we have adequate information about the interface between the 

body and the monitoring device. In this research, first, we present a device that we developed 

for electrocardiogram (ECG) acquisition and transfer to PC. In order to evaluate the 

performance of the device, we use it to measure ECG and apply conductive textile as our 

ECG electrode. Then, we evaluate ECG signals captured by different electrodes, specifically 

traditional gel Ag/AgCl and dry golden plate electrodes, and compare the results. Next, we 

propose a method to reconstruct the ECG signal from the signal we detected with our device 

with respect to the interface characteristics and their relation to the detected ECG. The 

interface in this study is the skin-electrode interface for conductive textiles. In the last stage 

of this work, we explore the effects of pressure on skin-electrode interface impedance and its 

parametrical variation. 
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Chapter 1: Introduction 

1.1 Motivation for the research 

Since blood pressure (BP) is an important signal, many blood pressure devices are designed 

specifically for home health care purposes. Such devices allow people to monitor increases 

and decreases in their blood pressure. One of the most popular non-invasive methods of 

measuring blood pressure is the oscillometric method [1]. It is not only used for measuring 

systolic and diastolic blood pressure, but also for other applications such as measuring heart 

rate variability [2]. Although oscillometric method is very popular, it suffers from some in-

accuracy issues [3], and that is the reason why some researchers are trying to find improved 

methods for BPM. 

Among the approaches geared toward finding an improved blood pressure measurement 

algorithm, some have relied on more consistent signals such as electrocardiogram (ECG). In 

this study, we refer to two of these, presented in [3] and [1]; they are explained in the second 

chapter of the thesis. 

It is of interest to develop devices appropriate for both home health care purposes and 

clinical applications where all BP measurement methods can be implemented. Devices with 

a compact platform that are able to acquire ECG and measure BP, making them suitable for 

BP measurement methods relying on ECG signal, can help patients and physicians by 

making BP measurement and ECG monitoring a simple process without any time or place 

limitations. 
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On the other hand, in developing such systems, there is an important issue which should be 

considered, specifically making the device as user friendly as possible. Avoiding extra parts 

and equipping it with wireless facilities can result in a device that is not cumbersome and 

which can easily be used. Embedding ECG electrodes inside the BP cuff is one way to avoid 

extra parts. To do this, a special type of ECG sensor should be used with two basic features: 

First, it should be flexible and soft, and second, it must be able to provide good quality ECG 

suitable for the main purpose, which is implementing BP methods relying on ECG signals. 

Any ECG acquisition requires an ECG electrode. The electrode and its contact interface with 

the skin may affect the quality of the ECG signal it senses. How the ECG electrode can 

affect the ECG signal is another issue that needs to be addressed. 

In this thesis, we will develop and run a device designed as a compact platform that can 

potentially be used for any BP measurement method, including those applying ECG as a 

leading signal. We also will study a certain type of ECG electrode known as “conductive 

textile,” and look at its effects on the ECG signal it senses. 

1.2 Objective 

The objectives of this thesis are as follows: 

 To develop and run a device that measures both BP and ECG using a special 

type of ECG electrode that is appropriate for such devices;  

 To explore the effects of the ECG electrode’s interface with the skin and find a 

way to obtain the pure ECG, free from interface effects; and  

 To propose a method to minimize these effects. 

To pursue our goals, in the first step, we will develop such a system and all its parts will be 

tested practically. In this device, we apply conductive textile as an ECG electrode and use it 
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to acquire the ECG signal. We also compare the obtained ECG signal with that ECG signal 

captured by electrodes that are currently in use clinically, known as gel electrodes. Then, we 

explore the effects of the interface of this electrode, namely the skin-electrode interface, on 

the ECG signal measured with this device. We consider reconstruction of the ECG signal 

without effects from the skin-electrode interface and propose a method to do this in order to 

obtain a pure ECG signal. Finally, we suggest a way to minimize these effects. 

1.3 Contribution of the research 

This thesis will make several contributions to the field, as detailed in the following: 

 The design, development and operation of a new compact platform for BP and ECG 

measurement. The device is based on a state-of-the-art microprocessor from Texas 

Instruments (TI). The data stream from the device to the PC is sent wirelessly; 

 ECG measurement with a specific type of electrode that is compatible with our aims 

is completed and the results are compared to gold standard electrodes; 

 Investigation of the effects of ECG electrodes on ECG signal quality; 

 Reconstruction of the ECG signal with respect to electrode interface features. The 

ECG signal reconstruction includes the following steps:  

o Measurement of skin electrode impedance: This step has its own issues and 

requires a specific measurement setup; 

o Modeling the skin electrode interface and extracting model parameters; 

o Obtaining the ECG signal with respect to the interface model and ECG 

measured with the electrode;  

 Investigation of the differences between the reconstructed ECG and acquired ECG 

from a morphological point of view;  
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 Proposal of a way to optimize ECG signals measured with our electrode. This 

method involves applying pressure to the skin-electrode interface to generate a better 

contact area. These measurements are done for three subjects to track the parameters’ 

variations under pressure.  

1.4 Publications resulting from this work 

[1] R. Stevenson, M. Bolic, B. Taji, and S. Ahmad. (2012) Application note: ECG assisted 

blood pressure monitoring based on the CMC microsystems compact wireless platform. 

CMCMicrosystems[Online].Available: 

https://www.cmc.ca/WhatWeOffer/Products/CMC00200-02441.aspx 

[2] B. Taji, S. Shirmohammadi, V. Groza, and M. Bolic. (2013) An ECG monitoring system 

using conductive fabric. In Medical Measurements and Applications Proceedings (MeMeA), 

2013 IEEE International Symposium, pp. 309-314. IEEE 

[3] B. Taji, S. Shirmohammadi, V. Groza, and I. Batkin. (2013) Impact of skin electrode 

interface on ECG measurements using conductive textile electrodes. Accepted to IEEE 

Transactions on Instrumentation and Measurement Journal. 

[4] B. Taji, S. Shirmohammadi and V. Groza. (2013) Measuring Skin-electrode Impedance 

Variation of Conductive Textile Electrodes under Pressure. To be submitted in  IEEE 

International instrumentation and Measurement Conference (I2MTC) 2014. 

1.5 Thesis outline 

The thesis is organized as follows. Chapter 2 gives a review of some ECG monitoring 

devices presented in the literature; all of the types of ECG electrodes are also presented in 

this chapter. In the same chapter, we explain skin-electrode interface models. The 
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architecture of the ECG measurement system is described in chapter 3. Consequently, we 

explore different sites on body, such as the wrists, biceps and fingertips, in addition to 

various types of electrodes, including gel electrodes, conductive textile and commercial 

golden plates to compare and determine conductive textile’s behaviour in terms of ECG 

measurement. Our objective is to examine conductive textile electrodes’ suitability for ECG-

assisted blood pressure measurement algorithms and other applications where skin 

preparation is not applicable. The results obtained from this part of research are presented in 

chapter 4.  

This study is carried out by looking into the effects of the impedance of the electrode and its 

contact interface with the skin on the quality of ECG acquired. Such investigation in the first 

step is required to establish a measurement platform whereby skin-electrode interface 

impedance can be measured. The next step is to determine the influence of such an interface 

on the acquired ECG and reconstructing the ECG to obtain this signal before it is affected by 

the interface with respect to interface features and the primary acquired signal. This part of 

our work is presented in chapter 5. 

In another stage of this work, we measure interface impedance under external pressure and 

follow its variation rate according to an increase in pressure. Experiments are carried out for 

three subjects. This stage and corresponding results are explained in chapter 6. Finally, the 

thesis concludes in chapter 7. 
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Chapter 2: Literature Review 

Considering the fact that many people are challenging with cardiac problems and hypertonia, 

applying home health care monitoring devices for tracking ECG and blood pressure 

fluctuations, is becoming more popular.  

This research aims to develop and run a device for this purpose which is more convenient 

than the available ones and also it is capable of monitoring ECG and blood pressure 

simultaneously. Besides in the next step we want to improve the quality of acquired ECG by 

removing the impacts of skin electrode interface. 

In the following section there are more explanation about ECG signal, BP and BP 

measurement methods, ECG monitoring devices, ECG electrodes and their characteristics. 

We also will explain more about skin electrode interface and ECG signal reconstruction and 

its requirements. 

2.1 What is an electrocardiogram (ECG)? 

An electrocardiogram (ECG) is the recording of the heart’s electrical activity [4]. The 

sinoatrial (SA) node is the pacemaker point in the heart and regulates heart beats. It 

generates an electrical signal that travels through the heart muscle. In the first step, it causes 

the upper chambers of the heart (atriums) to contract, thereby pumping blood to the lower 

chambers of heart (ventricles) [5]. This signal then travels to the ventricles and makes them 

contract, thus pumping blood into the body, followed by ventricles relaxation. 

The ECG signal is a (quasi-)periodic signal and consists of three main parts, specifically the 

P wave, QRS complex and T wave; each of these represents one phase of heart activity in 
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pumping blood into the body. Figure 1 Structuredepicts the heart’s structure and its 

chambers. The heart has two upper chambers, the left and right atrium, and two lower 

chambers, termed the left and right ventricles. 

Blood circulation consists of two circulatory loops: “pulmonary circulation” and “systemic 

circulation.” The first is a loop from the heart through the lungs, where blood is oxygenated 

and carbon dioxide (CO2) is released; the second is a loop from the heart through the rest of 

the body to provide oxygenated blood. Each loop involves one atrium and one ventricle in 

the heart. The right side of the heart performs the pulmonary circulation and the left side 

performs the systemic circulation. 

Figure 2 shows the general shape of an ECG. The P wave demonstrates atrium contraction, 

the QRS complex illustrates ventricle contraction, and the T wave shows ventricle 

relaxation. 

  

Figure 1 Structure of the Heart [5] 

 

In this study, we focus on ECG, looking at its features, its monitoring devices and supplies, 

as well as parameters that may influence its measurement. 
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Figure 2 The ECG Waveform [6] 

 

2.2 What is blood pressure? 

Blood pressure is the pressure of blood against the wall of arteries during circulation [7]. 

Similar to ECG, blood pressure is a vital sign carrying a great deal of information about an 

individual’s heart performance and general health. It indicates hypertension, asthma and 

even heart attack. The pressure of the blood when it flows from ventricles to the arteries is 

called systolic blood pressure (SBP); this is the peak pressure and occurs when the ventricles 

are contracting [7]. In contrast, the minimum pressure in the arteries is called diastolic blood 

pressure (DBP), and represents the pressure of the blood in arteries when the ventricles are 

full of blood [7]. Blood pressure is measured in millimeters of mercury (mmHg). 

2.3 Blood pressure measurement (BPM) and ECG-assisted BPM 

Since oscillometric blood pressure measurement, as an invasive method, is not able to do an 

accurate measurement, some methods are invented to do a more accurate measurement by 

applying more consistent signals such as ECG. These methods are known as ECG-assisted 
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BPM. We need to know how these methods work to be able to develop a system appropriate 

for this type of invasive BPM. 

The oscillometric method requires a blood pressure cuff wrapped around the patient’s bicep. 

Steadily inflating the cuff gradually stops blood flow in the arteries underlying it. A pressure 

transducer is used to record the pressure and oscillations in the cuff pressure that are created 

by arterial pulsation. When the oscillations have their maximum amplitude, the cuff pressure 

is equal to the mean arterial pressure. In this method, systolic and diastolic blood pressures 

are estimated from the mean blood pressure and oscillation pattern [8]. In this approach, 

patients have to ensure that the cuff is at the heart level; otherwise, the measurement will not 

be accurate. Moreover, in cases such as obesity, heart arrhythmia or even posture change, the 

arterial amplitude that cuff senses is not distinct [3]. The inaccuracies evident in this method 

have caused researchers around the globe try to find a more reliable approach for blood 

pressure measurement or to extract and remove the effects of other signals such as 

respiratory signals on blood pressure, thereby resulting in a higher level of accuracy [9]. 

The authors in [1] applied ECG in an improved oscillometric blood pressure measurement 

algorithm for two purposes. In the first step, they used the pulse transit time (PTT, the time 

delay between R-peaks and photoplethysmographic [PPG] pulses) for estimating standard 

deviation of both systolic and diastolic blood pressure. In the second step, they used the 

signal-to-noise ratio of the ECG signal to ensure that the patient was in rest. They found that 

the measured blood pressure was valid if this ratio was below a given threshold [1]. 

In another approach, Ahmad et al. [3] developed a new method of blood pressure estimation 

concerning the R-peaks of ECG in order to improve the oscillometric pulse peak detection, 

which leads to better estimation of blood pressure. R-peak information was also applied to 
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determine the maximum amplitude of oscillometric pulses interleaved between two 

consecutive R-peaks. Eventually, the maximum amplitude algorithm was used to estimate 

systolic and diastolic blood pressure. The authors also developed a prototype to implement 

their ECG-assisted blood pressure measurement algorithm [3]. In their prototype, two ECG 

electrodes were used to acquire the ECG signal; these were both made of AgNy conductive 

textile. One was embedded in the cuff maintain contact with the patient’s bicep when the 

cuff was wrapped around the arm. The other electrode was in shape of a wristband and was 

applied to the patient’s wrist. Their results show more accurate BP measurements than 

regular oscillometric method. 

2.4 ECG monitoring devices 

Nowadays, cardiac patients have the opportunity for their ECG signal to be monitored 

continuously; this great achievement was brought about by researchers’ attempts to develop 

devices for this purpose. Portable bio-signal monitoring devices are now commercially 

available, and many people have access to them. Moreover, concepts like telemedicine are 

also augmenting home health care devices’ capacity to help both patients and physicians. 

Instead of being admitted to hospitals, telemedical services provide patients with 

comfortable and reliable facilities and give them the benefit of using web services to send 

their vital signs and symptoms to their physician to diagnose abnormalities. In addition to the 

commercially available devices, including clinically in use and wearable ECG monitoring 

devices, many prototypes have been presented in the literature. In this sub-section, we 

briefly describe some of these prototypes and their features. 

The authors in [10] presented an ECG measuring device which sends patients’ ECG data via 

a web service-oriented architecture. They presented a monitoring device that was able to 
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acquire ECG signals and provide patients with a diagnosis by using their clinical history. 

Moreover, this device was able to call emergency services if necessary [10]. In this work, 

standard Ag/AgCl electrodes were applied. 

Another device was presented by the authors in [11]. Their device was an ambulatory ECG 

device equipped with a built-in warning system. The main objective in this work was to 

diagnosing prevalent types of heart abnormality, such as atrial fibrillation (AF). AF occurs 

when electrical signals are not generated solely by the SA node in the heart. Instead, they 

come from other parts of the atria. In this system, an alert signal was activated once an 

abnormal ECG was detected. Moreover, disposable ECG electrodes were applied.  

In [12], a wearable ECG monitoring device was presented. Wireless data transmission to a 

host node was carried out by an ANT protocol. There was no web-based service anticipated 

for this device. One of the main aims in this work was to delivering the most convenience to 

the user during ECG measurement, particularly in long-term applications [12]. Thus, the 

authors used dry capacitive electrodes embedded in a cotton T-shirt. 

Another approach employed a different perspective on ECG monitoring [13]. The authors 

introduced a system that generated an ECG signal, whereas previous ones monitored such 

signals. This system allowed researchers and ECG monitoring device developers to assess 

and analyze their device performance in an empirical way beyond the numerical and 

theoretical methods usually applied for this purpose [13]. This represents a more realistic 

approach than performing simulations on a personal computer. 

One of our objectives in this work is to explore ECG electrodes and compare them according 

to certain applications. Therefore, we continue the literature review by describing various 

types of ECG electrodes. 
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2.5 ECG electrodes 

Whatever the ECG recording device is, there is an interface between the body as the signal 

source and the recording device that monitors and collects the signal from the body. This 

interface is indeed the part of the device in direct contact with the body and is called an 

“electrode.” ECG electrodes sense a bio-signal, that is, an ECG signal coming from a 

biological source. Thus, ECG electrodes represent a type of bio-electrode capable of 

capturing an electrical bio-signal. Many different types of ECG electrodes are available, and 

each has its own advantages and disadvantages.  

ECG electrodes can be categorized into two basic groups depending on the way in which 

they perform their main role. The main task of an ECG electrode as a bio-electrode is to 

change the voltage from its ionic form in the body to its electron form in the wires carrying 

the signal to feed the recording device [4]. Thus, all bio-signal electrodes are polarizable or 

non-polarizable, also known as dry and wet electrodes, respectively [4]. Below, we explain 

each category. 

2.5.1 Non-polarizable electrodes  

The ECG electrodes clinically in use are adhesive gel Ag/AgCl electrodes. Such electrodes 

have been in use for a long time; therefore, their characteristics and principles, along with 

drawbacks, are well understood. In this group of electrodes, an electrochemical process 

between the gel and the biological tissue yields a conductive path between the patient’s skin 

and electrode [4]. A real electrical current flows along this path.  

The advantages and disadvantages of non-polarizable electrodes are as follows: 

Advantages include: 



13 

 

 They are adhesive thus can easily be fixed on the skin, preventing motion 

artifacts;  

 They show very clean and reliable ECG signals; 

Disadvantages include: 

 The adhesive part and the gel inside them cause skin irritation and contact 

skin dermatitis if they are in use for long time [4]; 

 They normally require skin preparation in advance, such as shaving, using 

alcohol to clean the contact area and even using sand paper to remove the 

dead layer of the skin [4]; 

 Technically, the most significant drawback of non-polarizable ECG 

electrodes is that the signal they sense will degrade when the gel inside them 

dries out. Therefore, they are not appropriate for long-term use and are 

considered disposable electrodes. It is inconvenient to replace electrodes, 

making them problematic for the user. 

2.5.2 Polarizable electrodes 

In contrast to non-polarizable electrodes, in polarizable electrodes, no actual electrical 

current flows. Instead, a displacement current occurs as a result of a change in ionic 

concentration in the electrode-skin interface. These electrodes work based on capacitive 

coupling between a conductive material and skin. They do not need any kind of gel; instead 

they operate by moisture on the skin, that is, sweat [4]. Dry electrodes vary from simple 

stainless steel plates to new flexible textiles capable of conducting electrical potential. Dry 

electrodes can be categorized as contact or non-contact.  
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Dry contact electrodes 

The simplest polarizable electrode is a metal disc in direct contact to the skin. This can sense 

any electrical bio-signal. Although the performance of such electrodes is comparable to that 

of gel electrodes, due to sweat and the humidity of the skin, their use is limited after a few 

minutes because of stiffness and the fact that they can cause skin irritation. Another 

disadvantage is that they are highly sensitive to motion artifacts, since they are not fixed on 

the body unless they are embedded in a belt, in which case the belt should be tight maintain 

contact between the metal disc and the skin. 

One of the newest and most recent electrical bio-signal electrodes is conductive textile. This 

is one type of dry contact electrode, and its advantage is that it is just like an ordinary fabric, 

soft and flexible and it does not cause skin irritation; moreover, it is appropriate for chronic 

applications. Conductive textile can be made of various types of conductive yarn, including 

silver-coated nylon (AgNy), stainless steel yarn (SSt) and silver-coated copper (AgCu) [14]. 

Conductive textiles are increasing in popularity because they are easy to use, and unlike gel 

electrodes, do not need to be changed in long-term applications. Moreover, they are not stiff 

and can be shaped like an ordinary wristband or embedded inside garments that the user can 

wear, as the authors in [15] proposed. Generally we can say conductive textiles are 

convenient and user friendly; hence, they are good options for long-term ECG applications 

or home healthcare monitoring devices. In terms of home use, such devices should provide 

the user with the most convenience; otherwise, people will be reluctant to use them. 

Dry non-contact electrodes 

This category of electrode is very similar to the previous one; the only difference is that there 

is an insulating layer between the skin and the electrode. The electrode itself is like a dry 
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contact electrode, that is, it is basically a conductive disc. Dry non-contact electrodes work 

based on capacitive coupling between the skin and the conductive disc. Coupling leads to 

polarization of the electrode; as a result, a displacement current flows for a while. To achieve 

strong capacitive coupling, we can increase the area of contact, use a thin insulator layer or 

include an insulator with a high dielectric constant [12]. Similar to dry contact electrodes, 

these devices are also sensitive to motion artifacts; however, they show better behaviour in 

terms of decreased skin irritation. 

Although capacitive electrodes do not need to be replaced, and therefore have some 

advantages over gel electrodes, they also suffer from some drawbacks. First, the signal from 

this type of electrode is noisier and has less amplitude in comparison to that from a gel 

electrode, as there is large impedance between the body and the metal plate of the electrode. 

Second, the high impedance causes the electrode to act like an antenna for the normal noise 

of the environment [16]. Third, dry non-contact electrodes exhibit high sensitivity to motion 

artifacts because they are not fixed on the body; any displacement of the ECG source 

changes the capacitance value. Thus, any undesired body movement changes the distance 

between the electrode and body, thereby resulting in a small change in potential that can 

dominate the ECG signal, especially given the small signal amplitude of ECG (1 mV). This 

is the most significant drawback and seriously needs to be addressed. This makes the 

application of such electrodes controversial and questionable.  

In recent ECG monitoring prototypes employing dry electrodes, bio-signals have been 

amplified by an amplifier embedded in the electrode in order to minimize the noise induced 

in the path of the sensed signal to the amplifier’s input. Such electrodes are made of a 

standard PCB including an amplifier, and are called “active electrodes.” Active electrodes 
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are sometimes shielded to prevent external interference. All dry non-contact electrodes tend 

to be embedded inside a belt or a thin cloth. However, they are still somewhat obtrusive 

because the metal plates or PCB-based electrodes are stiff and need to be very close to the 

body to generate a good quality ECG signal. Hence, the belt must be worn very tightly, 

which is uncomfortable. We should mention that many home monitoring devices use active 

electrodes. Figure 3 shows a typical active ECG electrode. 

 

Figure 3 General Electrical Model for Active Electrodes [17] 

 

The newest and most innovative electrode for home health care monitoring devices is 

conductive textile. This is a type of dry contact electrode, and its advantage is that it is just 

like an ordinary fabric. Conductive textile can be made of various types of conductive yarn, 

including silver-coated nylon (AgNy), stainless steel yarn (SSt) and silver-coated copper 

(AgCu) [14]. The conductive textile we use in our device is a flexible, thin, soft, lightweight 

and stretchy textile made of AgNy filaments. It is appropriate for any application dealing 

with electrical potential transmission, for example, ECG, EEG or EMG. It has the potential 

to introduce a new generation of wearable bio-potential electrodes which are more 

comfortable and easy to use than what is already available [15]. Referring to the features of 

the electrodes discussed above, our proposed electrode does not require electrode 

replacement, guarantees the delivery of a constant signal quality for a long time, prevents 
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skin irritation, is not stiff and uncomfortable and senses ECG which is comparable to ECG 

acquired by gel electrodes. Moreover, unlike gel electrodes, it does not require skin 

preparation, and due to its soft and thin texture, it has the potential to be embedded in any 

desired shape, including a shirt. 

Conductive textile electrodes are indeed a special type of dry-contact electrodes and 

therefore, inherit their drawbacks. Hence, they are sensitive to motion artifacts.   

In this study, we design and produce for conductive textile made of AgNy yarns as an ECG 

electrode. Another positive point about conductive AgNy textile is that it has bactericidal 

effects [18]. Figure 4 shows a piece of this fabric. We will demonstrate that conductive 

textile is capable of delivering good quality ECG signal. Furthermore, since this type of 

electrode does not necessitate skin preparation, it is a good choice for applications where the 

user would follow a regular procedure, as in the case in home health care devices. One 

ultimate possible application of our device is blood pressure measurement via the ECG-

assisted blood pressure algorithm presented in [3].  

 

Figure 4 AgNy Conductive Textile [19] 

2.5.3 Different types of conductive textiles and their comparison 

The authors in [14] measured ECG with four types of conductive textiles and compared 

them in terms of signal amplitude. Figure 5 illustrates the ECG taken by conductive textiles 

and that taken by Ag/AgCl (Red Dot) electrodes. 
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Figure 5 ECG Acquired with Four Types of Conductive Textile [14] 

 

2.5.4 ECG electrodes in commercially available ECG devices 

Commercially available ECG monitoring systems mostly apply gel electrodes, especially if 

they are designed for clinical use. In contrast, home health care devices mainly employ dry 

electrodes embedded in a belt or cloth, and the user needs to strap the belt tightly around the 

chest. Table 1 compares some examples of commercially available ECG monitoring systems 

according to the type of ECG electrode they apply. 

Table 1 Comparison of commercial prototypes of ECG monitoring systems [19] 

 

Device Vendor Electrode type 

Heart scan Omron Dry direct contact 

Heartcheck CardioComm Solutions Dry direct contact 

Easy ECG Favorite Plus Dry direct contact 

MAC General Electric Gel 

EASI ECG Philips Gel 

TruVue Biomedical Systems Gel 
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There have also been many prototypes of ECG monitoring systems introduced in the 

literature, such as those in [12], [11], [20] and [21]. Table 2 compares the aforementioned 

devices in terms of the type of ECG electrodes they apply. 

 

Table 2 Comparison of some ECG prototypes available in the literature [19] 

 

Reference Number Electrode type 

[12] Non-contact capacitive 

[11] Gel 

[20] Dry contact embedded in a shirt 

[21] 
Dry non-contact integrated in cloth and 

a belt 

 

2.6 Skin electrode impedance 

Skin-electrode impedance is the impedance between the body and the electrode; this plays a 

major role in the quality of the signal sensed by the electrode. If it is too high, and thus 

associated with a small signal-to-noise ratio, then it will negatively affect the quality of the 

signal [4], [22]. In addition, since high skin electrode impedance causes a strong obstacle 

between the body and monitoring device, it will cause signal attenuation [4]. The dead layer 

of skin (stratum corneum, shown in Figure 6) has the highest resistance among all skin 

layers, and therefore ions have low mobility in crossing it. This poor connection between the 

electrode and skin leads to low electron or ion exchange at electrode sites, thereby reducing 

the bio-signal amplitude [4], [22]. Skin electrode impedance, even for the same electrode, 

varies from person to person and from one part of the body to another. In addition, some 

factors influence this, as discussed in the next section. 
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Figure 6 The Skin’s Layers [4] 

 

2.7 Factors influencing skin-electrode Impedance 

The stratum corneum is the surface layer of the skin and exhibits high resistance because it is 

mainly composed of dead skin cells with very little fluid [23]. This is why, before taking a 

bio-signal from body, sandpaper is used in some applications to remove this layer and make 

the skin-electrode impedance smaller in order to obtain a better signal quality. This 

procedure is called skin preparation. Skin preparation also involves other techniques, 

including cleaning the contact area with an alcohol swab and shaving to remove hair. In 

addition to skin layers, which are one factor affecting the skin electrode interface, there are 

some other factors that can influence this impedance, including humidity, the electrode 

material, the contact area size and the gel material if a gel electrode is used. Pressure is also 

considered an affecting factor on skin electrode impedance, since increased pressure results 

in closer contact between the electrode and skin. 
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Typically, non-polarizable electrodes exhibit lower skin-electrode impedance. This occurs 

because in such electrodes, the electrolyte gel forms a conductive path for ion exchange. In 

addition, gel can increase the skin surface humidity by penetrating into it. A hydrated 

stratum corneum is associated with a more conductive environment for ionic exchange [4], 

[24].  

2.8 An electrical circuit equivalent to skin electrodes  

To better understand and analyze the skin electrode impedance behaviour, an equivalent 

electrical circuit is helpful. Such a circuit can be extracted by studying the electrical 

characteristics of both electrode and the skin. Warburg [25] was the first to propose an 

equivalent circuit model for the electrode-electrolyte interface. Moreover, Feate et al. [26] 

identified the components of electrode circuit model, analyzing the electrical properties and 

conductive nature of biological tissues [26]. Their study helped in estimating the values of 

capacitors and resistors in the electrode-skin model. Moreover, more details on the effect of skin 

impedance, capacitance and electrolyte gel or sweat on electrode-skin impedance was provided 

by their work. 

2.8.1 The single–time constant model 

Swanson and Webster [27] also developed a model for skin-electrode impedance, as shown 

in Figure 7. Their model is a combination of a resistor in series with a paralleled resistor and 

capacitor [27]. Ehc is the voltage between the skin and electrolytes, for example, gel. Thus, 

the model is mostly applicable for wet electrodes. The capacitance    represents the 

electrical charge between the electrode and skin [28], [4], while    stands for the resistance 
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that occurs between the skin and electrode during charge transfer [27].    represents the 

electrolyte gel (if any), sweat and the underlying skin tissue [22], [29].  

Rs
Cd

Rd

Ehc

 

Figure 7 The Single–Time Constant Skin Electrode Interface Model 

 

Equation (1) represents the total impedance of the single–time constant model of the skin-

electrode interface as a function of frequency. Equations (2) and (3) represent the real and 

imaginary parts, respectively. 
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2.8.2 The double–time constant model 

Figure 7 proposes a general model for all electrodes, and is known as the single–time 

constant model [30]; however, there are some more complicated models for skin-electrode 

impedance, such Neuman’s [30] suggestion, which is actually through two stages of the 

single–time constant model. The first stage only represents skin, while the second only 

represents the electrode. This is called the double–time constant model, and is illustrated in 

Figure 8. 
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The authors in [31] studied both models in terms of ECG measurement and frequency 

response, and showed that the double–time constant model exhibits more accurate results. 

They also show that measuring double–time constant model parameters has some limitations 

[31]. In this study, we use the simplified single–time constant model due to restrictions in 

our measurement devices.  

 

Electrode

Electrolyte/Sweat





Eelectrode/sweat

Rsubcutaneous

Stratum 

Epidermis

Dermis 

subcutaneous

Rsweat

Relectrode
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Esweat/strat corn

Cstrat corn
Rstrat corn

 

Figure 8 Double–Time Constant Model [31] 

 

2.9 Skin-electrode impedance measurement 

Skin-electrode impedance measurement has been always of interest because this influences 

the reliability of the collected signal. Thus, many papers in the literature have discussed 

methods of measuring this accurately. In 1966, the authors in [32] proposed the following 

method. Their measurement setup is shown in Figure 9. 
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In this method, three electrodes are applied on the arm and the skin-electrode impedance the 

middle one is calculated. The current flowing in A and B can be calculated by measuring the 

voltage drop in      A buffer unit is used to prevent any significant current flow between B 

and C. Furthermore, a known sine wave is applied to electrode B and the voltage between B 

and C is measured. Thus, impedance of B can be calculated using the following equation. 

 

       
    

    
 

                

  (4) 

                 

Two other methods are presented in [33]. They use two configurations of electrodes to 

measure skin electrode impedance. One is the double electrode configuration, while the other 

is the tetra-electrode configuration. The authors’ main objective in [33] was to explore 

different methods suitable for at home bio-impedance measurement devices. Figure 10 

depicts the tetrapolar configuration for a typical bio-impedance measurement (left) and its 

equivalent circuit (right), while Figure 11 shows bipolar electrode configuration (left) and its 

equivalent circuit (right) for the measurement of the skin electrode impedance. In their study, 

Figure 9 Skin Electrode Impedance Measurement Setup [32] 
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it was possible to use a tetrapolar configuration to measure body impedance, while a bipolar 

configuration could be used for skin-electrode interface impedance measurement. 

Z Skin-Electrode

ZBody

I(t)
V(t)

Z Skin-Electrode

1 2

4 3

 

Figure 10 Four-Electrode Configuration for Bio-Impedance Measurement [33] 

Z Skin-Electrode

ZBody

I(t)

V(t)

Z Skin-Electrode

 

Figure 11 Two-Electrode Configuration for Skin-Electrode Impedance Measurement [33] 

 

Body impedance measurement has clinical applications because it is function of body water 

content. Bio-impedance measurement in a specific frequency range is known as bio-
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impedance spectroscopy (BIS); this allows the fluid content of the body to be measured, 

including intra- and extracellular fluid. We discuss this in more detail in Chapter 6. 

The water content of the body can be monitored to avoid health problems resulting from 

dehydration. BIS is one method of monitoring body composition under different conditions; 

this has several applications, for example, monitoring dialysis and the physiological changes 

due to sport activities [34]. 

In our case, we have another concern, which is exploring signal reliability with respect to 

skin-electrode impedance. Therefore, we need to measure skin electrode impedance and 

should use a bipolar configuration, as Figure 11 demonstrates. Moreover, we utilize 

commercially available state-of-the-art devices that are designed specifically for this purpose 

in order to measure skin electrode impedance variation over a particular frequency range. In 

chapter 5 of the thesis, we will explain the entire experimental setup we applied. 

2.10 ECG signal purification 

ECG is such an important and informative signal that many researchers are working to 

expand its purification methods. ECG purification can be defined as removing motion 

artifacts as a significant source of noise. The authors in [35] and [36] proposed different 

approaches to achieving this aim. Many commercially available ECG monitoring devices are 

equipped with an accelerometer to remove motion artifacts on the x, y and z axes, and in 

[37], an algorithm to separate out the muscular component of ECG signal was proposed in 

order to acquire a more accurate representation of cardiac activity. 

The main question to answer is the following question: Is there any possibility that we might 

miss information from ECG signal in relation to the skin-electrode interface and its 

impedance? In practice, when we acquire ECG, there is impedance (skin-electrode 
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impedance) between the body as the signal source and recording device. What are the effects 

of this impedance on ECG quality? In other words, we need to know whether existence of 

skin-electrode impedance  ( )  between the body and monitoring device causes any 

distortion or deformation of ECG, and if so, whether this, results in misinterpretation or 

missing information related to ECG signal. Moreover, we need to know the extent to which 

ECG is affected, and figure out what parts of ECG are more affected and how this influences 

physicians’ understanding. In next stage, if there is any chance of missing information, then 

we need to determine how to compensate for this to create a pure ECG signal that is free 

from all the side effects of using an electrode associated with a certain impedance. In this 

section, we will discuss some efforts researchers to obtain a purified ECG signal. 

In [38], the authors clearly showed that there is an error ratio in the ECG signal associated 

with the skin-electrode impedance. They gave three suggestions to address this problem: (1) 

decreasing the skin-electrode impedance; (2) increasing the input resistance of the amplifier; 

and (3) compensating for the skin-electrode impedance effects in the acquired ECG. The 

authors in [39] also suggested maximizing the input impedance of the amplifier.  

Another attempt to mitigate distortion in ECG introduced by the skin-electrode interface was 

made by Tomczyk [40]. The electrode in his study was a gel electrode, and both its model 

and its impact on ECG registered on the skin-electrode interface were investigated by 

applying a square stimulus signal and recording its response [40]. The procedure he 

proposed for correction of the ECG signal error introduced by the skin-electrode interface 

included three stages of measurement and calculation. The first involved parametrical 

identification of the interface model; the second was registering the signal at the output of 

the electrodes; and in the third stage, Tomczyk reconstructed the ECG signal with respect to 
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electrode interface characteristics and the electrical response. The identification system he 

applied to obtain the parameters of the interface model comprised a square wave generator, a 

data acquisition card and LabVIEW software. Tomczyk obtained the transfer function of the 

interface and its inverse, and then applied the inverse function to the ECG registered at the 

output of interface. The difference between the result of this recent activity and the output 

signal of the interface was indeed the error introduced by skin electrode interface. 

In this thesis we will develop a platform to acquire ECG and we use conductive textile as 

ECG electrode. The aim of selecting conductive textile is providing the user with the most 

convenience. Next we propose a new method to create a pure ECG signal from what the 

device acquired. We will remove skin electrode interface effects on acquired ECG signal. 
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Chapter 3: Data Acquisition System (DAS) 

In order to acquire ECG with a conductive textile electrode, we first need to develop a 

hardware/software platform capable of acquiring ECG. The architecture of such system is 

described in this chapter. The device should be capable of monitoring ECG and performing 

BP measurement. Such a device can non-invasively determine the BP of the user, and at the 

same time, acquire his/her ECG. This represents a compact platform for both ECG and 

BPM; therefore, it is suitable to implement ECG assisted BP measurement algorithms. DAS 

is composed of a master processor unit (MPU), an ECG amplifier board, an analog-to-digital 

converter (ADC) board and a power control board. The MPU is designed based on 

“CC2531F256,” Texas Instruments. The ADC employed in this DAS is “ADS8320,” Texas 

Instruments. Moreover, like in any other ECG monitoring device, ECG electrodes are 

provided; in addition, a BP cuff and some mechanical elements are included in the device to 

control the cuff and perform BP measurement. Each element of the device is explained in 

turn in the following sections. 

For our current prototype, we have not implemented an accelerometer yet, so we ask the user 

to avoid moving during measurements. In some commercial ECG monitoring systems, an 

accelerometer is included; therefore, if the user is running or walking, his/her ECG signal is 

adjusted accordingly. 
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The hardware part of this project which includes MPU, ADC and mechanical parts are done 

by CMC Microsystems Company in Canada. We collaborated with them on this part of 

project and we integrated software on this hardware in order to meet our needs. We also 

wrote an application note as a result of this collaboration; this is available on the CMC 

website and presented in [41].  

3.1 DAS components  

3.1.1 ECG electrodes 

As mentioned above, we use conductive textile made of silver-coated nylon filaments as 

ECG electrodes in this study. One electrode will be installed on the inner side of the BP cuff, 

and the other can be shaped as a wristband and wrapped around the user’s wrist. Another 

option for the ECG electrode is available in this device. This is a small (18 mm x 12 mm) 

gold plate installed on the device. Indeed, two of these are glued to the case of the device, 

one for collecting signals from fingertips and the other for grounding. These plates should 

touch the fingertips in order to collect an ECG signal. In the next chapter, we will measure 

ECG in this way and compare the results with other available options, such as conductive 

textile. Figure 4, above, shows the conductive textile, while Figure 12 depicts the gold 

plates. 

 

 

Figure 12 Golden Plates 
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3.1.2 Master processor unit (MPU) 

This Master Processor Unit (MPU) board includes a microcontroller CC2531F256 as the 

master processor; it is the core of the device and responsible for hosting the controlling code 

of the entire system. Other features of this microprocessor are as follows: 

 8051 core; 

 21 GPIO (3 ports); 

 32.768 K oscillator; 

 8 K Byte internal RAM; 

 256K Byte in system programmable flash memory; 

 3 timers; 

 Watch dog timer; 

 8 channel internal ADC:  

 7–12 selectable bit resolution for ADC; 

 Sampling rate: 7.575–50 KHz for ADC. 

Figure 13 depicts the structure of the MPU.  

In addition to the main processor, the MPU also includes 32 K Byte of external RAM 

memory. Moreover, the RF antenna and the balun need to communicate wirelessly with a 

smartphone or PC; all hardware resources needed to build an 802.l5.4-based wireless control 

node are also located on MPU [19]. The CC2531F256 also contains 256KB of in-system 

programmable flash memory that hosts the embedded software controlling the system. As 

can be seen in Figure 14, a ribbon cable connector that may be used to connect the device to 

embedded software programming resources is embedded in the MPU. A pushbutton on this 

board can be used for some user commands. 
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Figure 13 Internal Structure of CC2531F256  [42] 
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Figure 14 The Master Processor Unit 

 

3.1.3 The ADC and ECG amplifier 

When ECG electrodes of the device collect a signal from the body, thus must be amplified. 

Therefore, we apply an ECG front-end amplifier board with a notch filter block embedded in 

it. This has amplification gain of 100 and includes a notch filter to remove power line noise; 

therefore, it is set at 60 Hz. An amplified and filtered signal feeds the ADC and becomes 

digitized. The ADC module includes high and low pass filters and the ADC itself. The ADC 

employed in our device is ADS8320, TI. Its resolution is 16 bits and the maximum sampling 

rate is 100 KS/sec. It is a prepared, plug and play analog ECG amplifier and filter module, as 

illustrated in Figure 15. 

 

 

Figure 15 ECG Amplifier and Filter Board 
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3.1.4 Mechanical parts 

In addition to the aforementioned parts, some other elements are embedded in this device to 

make it an all-inclusive instrument for BP and ECG measurement. BP measurement using an 

oscillometric algorithm required a cuff. The necessity of a motorized air pump to inflate the 

cuff automatically is also considered. A 5 volt motor and the air pump work together to 

pump air into the bladder inside the cuff. On the other hand, to deflate the cuff, a bleed valve 

is embedded in the device. To measure the pressure, a pressure transducer is required. These 

pieces of equipment increase the device’s user friendliness because one can press a start 

button and the procedure will begin. Delivering the most convenience to the user is one aim 

of this design. 

The BP measurement scenario is as follows. The user pushes the button, causing the system 

to inflate the cuff and measure the blood pressure while receiving the ECG signal 

simultaneously at the same time. Blood pressure and ECG signals are transmitted to the 

processor and BP is measured accurately using the ECG. Then, both the ECG and BP signals 

can be transmitted to a smartphone or a host PC/laptop wirelessly. The transfer of bio-signals 

is currently such a hot topic that researchers who are working in the signal transmission area 

sometimes use them; that is, they employ ECG signals to examine their methods’ 

effectiveness. One example of this is presented in [43]. In this device, we used an RF module 

for the processor to send the data stream to a host node. Figure 16 gives a block diagram of 

the device and its components. 
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Figure 16 Device Block Diagram 

 

The air pump, 5 volt motor and regular air tubes transmitting air to the cuff, are illustrated in 

Figure 17; the Omron cuff applied in this device is shown in Figure 18. Figure 19 

demonstrates how the cuff is connected to the device.  

Air Tubes

 

Figure 17 Air Tubes, Air Pump and Motor 
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Figure 18 Omron Blood Pressure Cuff 

 

 

 

Figure 19 Cuff Connected to the Device 

 

 

3.2 Software layers 

Like any other microprocessor-based device, this one also needs controlling software to 

carry out its procedure. The controlling code should be loaded into the flash memory of the 

microprocessor. This code has the following two layers: 
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The hardware abstract layer; and  

 The application layer. 

Below, we explain each of these in more detail. 

3.2.1 The hardware abstract layer (HAL) 

This layer of software sets the microprocessor’s internal registers in addition to initializing it 

during power up. It includes some routines to access software reset, ring buffers and internal 

timers of the microprocessor. 

3.2.2 Application layer 

The application layer is the main part of the software and controls the whole process of BP 

measurement or ECG acquisition, that is, device performance is set by loading the 

application layer into the microprocessor. Thus, this layer includes many routines to access 

all peripherals, such as the ADC RF section. The pressure transducer and all mechanical 

parts can also be controlled via the application layer code. The main function of the software 

is to control the procedure and initiate the process when the user presses the start button. It 

also set the internal registers of peripherals. Data collection, processing and transmission to 

the host node through the RF part of the device are three main tasks of this layer.   



38 

 

3.2.3 Flash programming tools and debugger  

All parts of our code should be loaded into the flash memory of the microprocessor. 

 

Figure 20 IAR Embedded Workbench Editor Area 

 

CC2531F256 includes 256KB of internal flash memory; we need to use the specific 

debugger environment that TI has introduced to write the code in the memory. TI has 

introduced the “IAR embedded Workbench IDE” to write the code; this can be done in C or 

C++ programming languages. Figure 20 and Figure 21 show the IAR Editor Area and its 

main panel, respectively. 
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Figure 21 IAR Main Panel 

 

Texas Instruments has provided an evaluation board that can be used for two purposes. First, 

it can be employed for learning jobs and working with the CC2531F256 microprocessor, and 

second, it can be used as an interface to download the code to a target board. The evaluation 

board connects to a PC through the USB port, and there is a certain programming connector 

on it to connect it to a target board and program the microprocessor on the target board 

through this connector. As mentioned above, a ribbon cable for programming purposes is 

embedded in the MPU board; this is shown above in Figure 14. The evaluation board is 

depicted in Figure 22.  
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The entire procedure involves writing the code in the IAR Editor window in C or C++, 

compiling it and using the “download and debug” tool from the main toolbar of the IAR 

Editor Area, as shown in Figure 23. Then, we need to select the target in a new popup 

window and let the code load into the target processor, assuming that no error occurs. 

 

 

Figure 22 Evaluation Board from TI 

 

 

 

Figure 23 Download and Debug Tool 

 

In the next chapter, we will show the results of collecting ECG signals with our device and 

applying conductive textile as the ECG electrode.  
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Chapter 4: Experimental results 

4.1 ECG Acquisition  

In this chapter, we will show the results for the first objective of this thesis. The objective 

here is to evaluate by what type of electrode and in what position on the body we will obtain 

a proper ECG signal to be used in the ECG-assisted blood pressure measurement algorithm. 

A proper ECG signal here means a signal without any missing R-peaks and also without any 

fake detected R-peaks due to severe distortion or noise. To do this, first, we designed a piece 

of code to collect the ECG and send it to the PC; on the host side, we had another code, this 

time in MATLAB, to receive the signal continuously and show its graph. We collected the 

ECG signal of one person from the wrists and biceps using both the conductive textile 

electrode and regular gel Ag/AgCl (Red Dot, shown in Figure 24) electrode and compare the 

results. Next, we acquired the ECG signal using two gold plates (shown in Figure 12) 

touched to the fingertips. The gold plates were dry contact electrodes and with a size of 12 

mm x 18 mm. In the next step of the experiment, we acquired the ECG signal using one gold 

plate touched by the index fingertip of one hand and conductive textile on the bicep of the 

opposite arm as the second electrode. The results of all these measurement configurations are 

shown in Figure 25 through Figure 32. It should be mentioned that we did not use any kind 

of skin preparation before data acquisition. Figure 25 to Figure 27 show results of our 

experiments for wrists with various electrodes. When applying textile electrodes, one 

electrode was wrapped around the right wrist, while the other electrode was on the left wrist. 

When we applied the Red Dot electrodes, one was attached to the right wrist, and the other 
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to the left wrist. In this study we use two electrodes to acquire ECG, because it is more 

comfortable for home health care devices. Other configurations with more electrodes are 

also popular, especially for ECG recording devices in hospitals.   

 

Figure 24 Regular Red Dot Ag/AgCl Electrode 

 

4.1.1 Results for ECG acquired from the wrists 

 

 

Figure 25 ECG(t) Captured from Wrists Using Gel Electrodes 
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Figure 26 ECG(t) Captured from Wrists Using Textile Electrodes 

 

 

Figure 27 ECG(t) Captured from Wrists Using One Wet and One Textile Electrode 

 

4.1.2 Results for ECG acquired from biceps 

Figure 28 to Figure 30 depict the results for ECG collection from biceps with various 

electrodes. When applying textile electrodes, one electrode was wrapped around the right 

bicep, while the other was on the left bicep; when we applied Red Dot electrodes, one was 
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Figure 28 ECG(t) Captured from Biceps Using Wet Electrodes 

 

 

Figure 29 ECG(t) Captured from Biceps Using Textile Electrodes 
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Figure 30 ECG(t) Captured from Biceps Using One Wet and One Textile Electrode 

 

As can be seen from the figures, the ECGs taken with Ag/AgCl electrodes had stable P, R 

and T wave amplitudes, while signals taken with textile electrodes exhibited some variation 

in amplitudes and were more contaminated by noise; on the other hand, their P, Q, R, S and 

T waves were still recognizable. Thus, the acquired signals are acceptable for our purpose. 

When we used two different electrodes types, we obtained smaller R-peak amplitudes. These 

observations were valid for both positions, that is, wrists and biceps. 

As mentioned above, some other configurations of electrodes are also tested. Figure 31 

shows the ECG signal collected from two index fingertips touching gold plates, while Figure 

32 depicts the result of collecting ECG from one index fingertip touching one gold plate and 

one conductive textile on the bicep of the opposite arm. 
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Figure 31 ECG(t) Captured from Fingertips Using Gold Plate Electrodes 

 

 

Figure 32 ECG(t) Captured from Fingertips Using One Gold plate and One Textile Electrode 
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investigated. Skin-electrode impedance and its effects on acquired ECG is our first concern, 

followed by determining how this impedance varies under pressure. This is because in our 

device, one ECG electrode made of conductive textile will be embedded in a cuff to acquire 

ECG; ECG will be taken when the cuff is inflating, thereby applying pressure to the skin-

electrode interface. Therefore, we first explore the effects of the skin-electrode interface 

impedance of conductive textile on ECG, and then study the effects of applying pressure on 

skin-electrode interface impedance. 
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Chapter 5: Impacts of the skin-electrode interface on ECG 

measured by conductive textile electrodes 

Physicians’ understanding of bio-signals measured by medical instruments is the foundation 

of their decisions and diagnoses for patients, as they strongly rely on what the instruments 

tell them. Thus, it is critical to ensure that what the instruments show is exactly what is 

happening in the patient’s body so that the acquired signal is real one or at least as close to 

the real in-body signal as possible, carrying all of its information. This is such an important 

issue that physicians sometimes use invasive approaches in order to generate accurate bio-

signal measurements. Generating an in-body signal from the signal acquired by a 

measurement device is considered as “signal purification” or “reconstruction,” and can be 

done only when we have adequate information about the interface between the body and the 

monitoring device. In this chapter, we will propose a method of carrying out ECG 

reconstruction from the ECG signal acquired by the proposed device using conductive textile 

as the ECG electrode. 

5.1 ECG signal purification: Our method 

In this thesis, we propose a new method of reconstructing an ECG signal from the measured 

one using the previously explained device and conductive textile as the ECG electrode. This 

was done in order to mitigate the effects of the skin-electrode interface on measured ECG 

and it is considered the main contribution of this thesis. Our method is based on measuring 
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and modeling the skin-electrode interface impedance. The impedance is a function of 

frequency and ECG also has a frequency spectrum as well, while the ECG signal acquired 

by the device is in the time domain. Thus, we need to migrate from the time domain to the 

frequency domain and perform all calculations in the latter domain. 

We also need to know the input resistance of the ECG amplifier board and its relation to the 

ECG signal. Figure 33 gives a typical view of an ECG acquisition circuit with respect to 

skin-electrode impedance and the input resistance of the amplifier. Equations (5), (6) and (7) 

explain the relation between acquired ECG signals and other parameters. Here,     and     

are the input impedances of amplifiers, while   ( ) and    ( ) represent the skin-electrode 

impedance of the electrodes collecting the signal. 
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Figure 33 General Circuit for ECG Acquisition 
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We can assume that   ( ) and   ( ) are equal if both electrodes are identical in all 

respects, such as material and size, which was the case in our study. The amplifiers used for 

both electrodes were also identical, so          . Thus, ECG can be calculated as follows: 

 

  ( )     ( )   ( )                   (8) 

                              (9) 

            ( )   
  

    ( )
 (  ( )      ( ))                  (10) 

However, the real ECG signal before it is affected by skin-electrode impedance, called 

           ( ), is: 

           ( )     ( )      ( )              (11) 

From Equations (10) and (11): 

           ( )               ( )  
    ( )

  
               (12) 

 

As can be seen, all equations are in the frequency domain, while the acquired ECG is indeed 

in the time domain. Therefore, in order to calculate the             in the time domain, we 

first need to find the              in the frequency domain, calculate the             in 

the frequency domain according to the previous equation showing its relation to  ( ), then 

translate this from the frequency domain to the time domain to determine what the 

            signal is in the time domain. The             signal is ECG in tissue under 

the skin and before being affected by the skin-electrode interface. Eventually, we need to 

compare             ( ) with            ( ) to examine the differences between them 
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and investigate distortions caused by the skin-electrode interface, as well as how this 

interface can influence the interpretation of ECGs from a medical perspective. 

In order to purify the ECG signal acquired by our device and conductive textile electrodes, 

we needed to measure the skin-electrode interface and identify its model components based 

on the single–time constant model described in chapter 2. In the next section, the skin-

electrode interface measurement procedure will be explained. 

5.2 Skin-electrode impedance measurement 

For skin electrode impedance measurement as a function of frequency, we used state-of-the-

art equipment, specifically a frequency response analyzer and impedance interface. The 

measurement configuration is described below. 

5.2.1 Experimental setup 
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Skin

Electrode1 Electrode2

 

Figure 34 Experimental Setup for Skin-Electrode Interface Measurement 

 

A block diagram of the experimental setup applied in this study is shown in Figure 34. This 

represents a two-electrode configuration that works based on injecting a current sine wave 



52 

 

signal from one electrode and collecting the same signal from the other electrode, as well as 

measuring the voltage drop between two electrodes. 

5.2.2 Devices and measurement configuration 

Our measurement configuration is depicted schematically in Figure 35. 
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Figure 35 Schematic View of Skin-Electrode Impedance Measurement 

 

We needed to determine the impedance of a single skin electrode interface, while our 

measurements showed the total value of both electrodes plus tissue impedance. If both 

electrodes are identical in terms of type, material and size, then we can assume that they 

have the same skin-electrode interface. In this experiment, we applied two identical 

electrodes made of medical-grade, silver-plated 92% nylon and 8% Dorlastan stretchable 

conductive textile. Each electrode was 0.50 mm thick and 3 cm x 18 cm in size. They were 

therefore identical and we could divide the total amount by two to determine the skin-

electrode interface for a single electrode.          represents the resistance of tissues between 

two electrodes. For a healthy human’s middle upper arm (where we do the measurements), 

this value is found to be almost 150 Ω [44], while the electrode skin impedance is larger than 

1 MΩ. According to this, in our study         is assumed to be negligible and its contribution 

is considered in   . 
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Figure 36 shows the bio-impedance measurement system we used to measure electrode-skin 

impedance in response to the AC current with a variable frequency from 1 Hz to 1 MHz with 

respect to safety standards for current amplitude. This system included a frequency response 

analyzer (FRA) (Model # 1255B, Solartron Analytical, UK) visible in Figure 36 on the left 

and an impedance interface device (Model # 1294A, Solartron Analytical, UK) on the right, 

as well as a personal computer. 

 

 

Skin-electrode impedance was measured by injecting a 10 µA AC current sweeping 

frequency from 1 Hz to 1 MHz to one electrode located on the left bicep and collecting it 

from the other electrode on the same bicep at 10 cm distance from the first one. Solartron 

provides user-friendly impedance measurement software called “SMaRT.” The user can 

select the sine wave type (voltage or current), its amplitude, fixed frequency or a frequency 

range, the number of cycles to be averaged and the number of points in a frequency decade. 

Results can be shown in a plot, where a “Bode” or linear diagram may be selected, as well as 

in an Excel file like a table with several columns showing time, frequency and magnitude of 

impedance. For this study, the system was set to measure five points per frequency decade 

 

Figure 36 Frequency Response Analyzer (left), Impedance Interface Device (right) 
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and average 10 cycles per frequency. Figure 37 shows the results of our experiments in 

logarithmic scale. 

 

 

Figure 37 Skin-Electrode Impedance Frequency Response 

 

5.2.3 Estimating skin-electrode impedance model components and 

verification 

Applying the least squares nonlinear curve fitting method, we tried to estimate three 

components of the skin-electrode impedance model, specifically    ,    and   , as depicted 

in Figure 38. This is the simplified single–time constant model applicable in our study.     

was not applicable in our model because we used dry electrodes, which are polarizable, and 

electrolyte was present. In this thesis, we implemented this method in MATLAB (R2008a) 

by applying the “lsqcurvefit” function. 
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Figure 38 Single–Time Constant Model of Skin-Electrode Impedance 
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We have already measured the magnitude of impedance varying by frequency. We now need 

to estimate our model parameters such that | ( )| of the model matches our observation and 

the obtained curve shown in Figure 37. The least squares nonlinear curve fitting method 

provides the best fit impedance model from the measured impedance values; this is done by 

minimizing the summed squared of the error between the data point and the fitted model.  

MATLAB code based on the experimental data returned the following values for the three 

components: 

   (          )    

   (          )    

               

In order to verify whether our model matches the observation or not, we substituted the 

values of the components in Equation (13), which is the mathematical relation between 

| ( )| and its three components. We then drew a graph of | ( )| as a function of frequency 

and observed graph data on the same plane for comparative purposes. Figure 39 illustrates 

these results. 

| ( )|   |  ( )     ( )|  |   
  

      
   

   
     

 

      
   

 | 

 

(13) 
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Figure 39 Measured Data and the Estimated Model 

 

 

 

5.2.4 Implementing the algorithm 

With respect to the following equation and measured parameters of the skin electrode 

impedance model, we needed to find the            ( ).  

           ( )               ( )  
    ( )

  
 

Considering how we measure skin electrode impedance, we had to acquire ECG with the 

same configuration of the electrodes as for the impedance measurement. Therefore, we 

captured ECG from two conductive textile electrodes on one bicep, with a distance of 10 cm 

from each other. Figure 40 shows the ECG signal acquired in this way. 
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Figure 40 Acquired ECG(t), Taken by the Device and Two Textile Electrodes on One Bicep 

 

Based on our previous explanations, the goal here was to remove the skin-electrode 

impedance effects from the ECG signal shown in Figure 40. From Equation (12), we first 

have to calculate  
    ( )

  
 using the values of all components, including       and   . The 

input resistance of the amplifier we used was measured and found to be     . By 

substituting all values in equation 
    ( )

  
  and plotting its graph per frequency in linear 

scale, the graph in Figure 41 is obtained. 

 

Figure 41 Magnitude of (Ri+Z)/Ri Per Frequency 
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Consequently, we needed to find              in the frequency domain. To obtain that, 

we needed to apply Fourier transform. Taking the fast Fourier transform (FFT) of the 

             in the time domain results in the              in the frequency domain. 

This activity was carried out on MATLAB and by applying the FFT function on samples we 

obtained when we took ECG measurements in the time domain. Figure 42 depicts the FFT 

of             . As can be seen in this figure, the ECG has the largest frequency content 

at frequencies below 15 Hz. According to this, we anticipate more changes in those parts of 

the ECG waveform that are from this range of frequency, for example, T-wave. 

 

 

Figure 42 Acquired ECG in the Frequency Domain 

 

 

In order to obtain             in the frequency domain, according to Equation (12), we 

needed to multiply the data shown in Figure 41 by those shown in Figure 42. The results are 

depicted in Figure 44. 
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Figure 43 In-Body ECG in the Frequency Domain 

 

What we have obtained so far is our desired signal, that is, the             in the 

frequency domain. By integrating this, we can convert it to its corresponding signal in the 

time domain. Integration is carried out by applying the IFFT function in MATLAB. In 

Figure 44, we present the             ( ) and             ( ) on the same graph to 

make the differences easy to observe. We must also mention that, since ECG is a periodic 

signal, we eliminated the phase shift effects resulting from imaginary part of skin-electrode 

impedance. This also makes comparison of the primary ECG signal and the obtained one 

easier.  

 

Figure 44 Acquired and In-Body ECG Waveforms 
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In the next section, we will discuss the differences between these two signals and possible 

missed information. 

5.3 ECG morphological changes and interpretation 

As expected,            ( ) and             ( )  are different in parts of ECG, with 

lower frequency contents such as T-wave. The typical frequency range of T-peaks is 

between 4 and 7 Hz [45]. Therefore, they are considered low frequency contents of ECG 

compared to R-peaks and P-Peaks, which are in the frequency range of 10 to 17 Hz [45]. 

 ( ) has smaller frequency contents in this area compared to frequencies in the range of 4 

and 7 Hz related to T-peaks. 

The next question is as follows: What misinterpretation may occur according to this error 

from a medical point of view? Since the T-wave is affected, any information it carries can be 

missed. Since it is the most unstable part of the ECG recording [46], the T-wave changes 

with many ECG abnormalities. For instance, it has a critical role in diagnosing ST elevation, 

which is a marker of acute coronary occlusion [47]. ST elevation occurs when the ST 

segment (the part of ECG signal between the point where the S-wave ends and the T-wave 

begins) is not exactly on the baseline of the signal; instead, it is above it. If the T-wave is 

affected by the skin-electrode interface, there is always the risk of missing information 

revealing ST elevation. 

Another parameter that is affected by the T-wave hump amplitude is the     ratio. This ratio 

is used clinically to monitor sympathetic tone during isoflurane anesthesia [48]. This method 

of anesthesia was introduced in 1981 and is the most commonly administered volatile 

anesthetic today [49]. In such cases, a certain type of gas (CF3CHCl-O-CF2H) is 
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administered that has a short induction and recovery time. During general anesthesia, the T-

wave amplitude decreases [48]; isoflurane anesthesia significantly decreases the T-wave 

amplitude but does not influence the R-peak. The authors in [48] showed that the R/T ratio is 

a reliable method for monitoring sympathetic tone during isoflurane anesthesia [48].  

In addition to the aforementioned parameters, the Q-T interval is also affected by the skin-

electrode interface, and in ECG interpretation, Q-T interval prolongation indicates a specific 

form of ventricular tachycardia [46]. Thus, if the T wave is not detected accurately, Q-T 

prolongation may be missed. The Q-T interval is defined as the part of ECG signal from the 

point at which the Q wave starts to the point at which the T-wave ends. Its time duration 

depends on a patient’s heart rate; if it is longer than it should be, the patient may have some 

kind of cardiac problem [50]. Hence, if the T-wave shape is not accurately detected, 

physicians can miss the presence of QT prolongation. 

To sum up, any ECG parameter related to the T-wave can be affected; among these, we have 

introduced three major ones, specifically ST elevation recognition,     ratio and Q-T 

prolongation. Any of these is an applicable indicator for a particular heart abnormality or 

situation. 

We have determined that skin-electrode interface impedance affects the quality and 

morphology of ECG signal, and we have learned how to reconstruct the ECG signal to 

obtain purity. Moreover, we discussed issues that the skin-electrode interface causes from a 

medical point of view. We want to find a way to minimize these effects so that an ECG 

signal can be acquired which is the same as the In-Body ECG. One possible solution for this 

is to minimize the skin-electrode interface impedance. The technical solution we selected is 

to apply pressure in order to obtain better contact between the electrode and skin, and 
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therefore smaller skin-electrode impedance. In [51], the authors showed that applying 

pressure will decrease the skin-electrode impedance; their experiments involved Ag/AgCl 

electrodes. We will apply pressure to our electrode, that is, AgNy conductive textile and 

investigate how the skin-electrode impedance varies.  

We chose a method of applying pressure based on the fact that our device is appropriate for 

ECG-assisted blood pressure measurements using the algorithm presented in [3]. Therefore, 

it is expected that we can use our electrode under the cuff. Thus, we put both electrodes 

under a regular Omron cuff and inflated it up to a certain pressure; we then measured the 

skin-electrode interface impedance as we did above. Below, we describe how accomplished 

this and how external pressure affects the skin electrode interface and each of the 

components. 

5.4 Applying pressure to the ECG electrodes 

For our measurements, to investigate the effects of pressure on conductive textile skin-

electrode interface impedance, we set up the system as explained above; the only difference 

was that when we wanted to measure the impedance, we applied pressure by the cuff, with 

the electrodes located underneath. We kept the pressure of the cuff constant during each 

measurement. The pressure measurement and maintenance procedures were as follows: 

1. Close the valve and turn on the motor to let the cuff inflate; read the pressure 

continuously while doing this; 

2. When this pressure is at the desired point, the MPU should turn off the motor to stop 

inflation. However, we still need to measure the pressure inside the cuff. If it is lower 

than our desired value due to leakage, MPU should compensate for this. This means 
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that the motor needs to be turned on again and the cuff inflated to reach the desired 

value with consistent monitoring. 

We applied pressure from 0 mmHg up to 120 mmHg in 40 mmHg steps. For consistency 

with our previous measurements, we used the single–time constant model for the interface 

and the least squares nonlinear curve fitting method for component value estimation. The 

variation trend line of each component, that is,   ,   and   , was tracked and drawn in the 

following graphs. To ensure that time did not affect our measurements by establishing better 

contact between the skin and electrode, after performing the measurement for each pressure 

value, we deflated the cuff, removed it and the electrodes, waited for 10 minutes and then 

did the next measurement for another pressure value. Figure 45 shows the measurement 

configuration. Skin-electrode impedance as a function of frequency was measured using a 

frequency response analyzer (Model # 1255B, Solartron Analytical, UK) and an impedance 

interface device (Model # 1294A, Solartron Analytical, UK), both shown in Figure 36. 

Frequency Response 

Analyzer

Impedance Interface 

Device

Bicep

                

Electrode2

Cuff Applying 

pressure

Electrode1

 

Figure 45 Applying Pressure to Skin-Electrode Impedance Using a Cuff 
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5.5 Results and discussion 

In this thesis, we performed the measurements for three different subjects; our results are 

illustrated using tables and graphs. This was done to determine the rate of variation of all 

three components in the skin-electrode interface model. Measurements were carried out on 

healthy subjects (2 females, 1 male). None of the volunteers was taking any medication or 

had a known history of cardiovascular disease. All subjects provided a signed informed 

consent form for the pressure skin-electrode measurement, in accordance with the guidelines 

of the institutional research ethic board. The entire procedure was carried out as follows: 

a. Both electrodes were placed on the subject’s bicep at a 10 cm distance from 

each other. The electrodes were also connected to Solartron devices; 

b. The Omron cuff was wrapped around subject’s bicep on top of the 

electrodes. 

c. The MPU started to work when the user pushed the button. The motor turned 

on, resulting in cuff inflation. The MPU kept the pressure level constant; 

d. The cuff pressure was read continuously until it reached a certain level. Then 

the motor turned off; 

e. The measurement procedure with Solartron devices began and the result was 

saved in the PC as .xlsx files. 

f. The components of the model were determined by applying the “lsqcurvefit” 

function in MATLAB. 

g. All components from the single–time constant model were extracted. 



65 

 

Table 3 shows all subjects’ gender, height, weight and body mass index (BMI), which is 

defined as follows:  

     
      

(           ) 
                                                                                                           (14) 

Table 3 Subjects’ characteristics 

 

Figure 46, Figure 47 and Figure 48 show the |Z| variation per frequency for the first, second 

and third subjects. The frequency varied between 0 Hz and 1 MHz. The |Z| values for 

various pressures are shown on the same graph in logarithmic scale. The value of |Z| 

corresponding to the lowest pressure (P = 0 mmHg) and that corresponding to the maximum 

pressure we apply (P = 120 mmHg) represent the highest and lowest curves, respectively.  

 

Figure 46 Skin-Electrode Impedance Variation for Subject 1 

 

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
1

10
2

10
3

10
4

10
5

10
6

10
7

Frequency (Hz)

|Z
| 
( 

)

 

 

P=0mmHg

P=40mmHg

P=80mmHg

P=120mmHg

 Gender Height Weight Body Mass Index 

Subject1 Female 172 cm 68 kg 23.25 

Subject2 Male 181 cm 59 kg 18 

Subject3 Female 162 cm 56 kg 21.34 
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Figure 47 Skin-Electrode Impedance Variation for Subject 2 

 

Figure 48 Skin-Electrode Impedance Variation for Subject 3 

 

Measurements were followed by parameter extraction for each curve. The following tables 

show the results. 

Table 4 Rd values under various pressures for all subjects 
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P=0mmHg

P=40mmHg

P=80mmHg

P=120mmHg

Rd(Ohm) Subject1 Subject2 Subject3 

P = 0 mmHg 9.8726e5 3.1111e5 1.1269e6 

P = 40 mmHg 5.3802e5 1.2128e5 4.6961e5 

P = 80 mmHg 3.3860e5 8.0358e4 3.2839e5 

P = 120 mmHg 2.2254e5 5.8393e4 2.4325e5 
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Table 5 Cd values under various pressures for all subjects 

 

5.6 Table 6 Rs values under various pressures for all subjects 

 

Rs(Ohm) Subject1 Subject2 Subject3 

P = 0 mmHg 
116.6971 

 

49.6238 

 

102.0390 

 

P = 40 mmHg 
79.2531 

 

49.2282 

 

91.7804 

 

P = 80 mmHg 
79.0467 

 

43.9881 

 

85.7127 

 

P = 120 mmHg 
86.8678 

 

45.9717 

 

83.3345 

 

 

Figure 49 to Figure 51 show the model components, including        and    variations for 

each subject. In each figure, the first graph shows the variation in    ; that in the middle 

shows variation in the capacitor of the model, that is,    and that at the bottom shows the 

variation in   . The three sets of graphs are similar and each gives data for one of the three 

subjects. 

Cd (F) Subject1 Subject2 Subject3 

P = 0 mmHg 
1.5884e-8 

 

1.9415e-8 

 

9.7479e-9 

 

P = 40 mmHg 
3.8101e-8 

 

5.1575e-8 

 

2.2302e-8 

 

P = 80 mmHg 
5.6327e-8 

 

8.3218e-8 

 

3.2251e-8 

 

P = 120 mmHg 
1.0557e-7 

 

1.2467e-7 

 

4.2331e-8 
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Figure 49 Component Variation Rate Versus Pressure for Subject 1 

 

 

Figure 50 Components Variation Rate Versus Pressure for Subject 2 
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Figure 51 Components Variation Rate Versus Pressure for Subject 3 

 

5.6.1 Discussion 

As can be seen from the graphs,    continued to decrease while external pressure increased. 

This is unsurprising considering what    represents—the electrical charges between the skin 

and the electrode. The value of any capacitor can be formulated according to general 

definition of capacitor. A capacitor forms when two plates are paralleled; the value of the 

capacitor between the two plates is expressed by Equation (15).  

       
 

 
                         (15) 

 

The parameters in this equation are defined as follows [52]: C is the capacitance in Farad 

(F),     shows the dielectric constant of the material between two parallel plates,    stands for the 
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electric constant (approximately 8.85 X 10-12 F m-1), A is the effective common area between two 

parallel plates (m2) and d is the distance between the parallel plates (m).  

This equation elucidates   ’s response under pressure. Applying pressure makes the effective 

area between the two parallel plates larger, while making the distance between them smaller. 

Pressing the electrode toward the skin results in smaller d and larger A, and on the other hand C 

is directly proportional to effective area A and reversely proportional to distance d therefore it 

comes up with a larger value of    . 

We were also able to anticipate the behaviour of    under pressure.    stands for resistance and 

occurs due to the charge transfer between the skin and electrode. The resistance of any material 

can be formulated as Equation (16). 

    
 

 
                        (16) 

 

The parameters in this equation are defined as follows [52]: R is the resistance in ohm (Ω); ρ 

is the resistivity of the material with the dimension of (Ω.m); L is the length of the material 

with the dimension of (m); and A is the cross-sectional area of the conductor material with 

the dimension of (m
2
). 

In the procedure of pressure application, the contact area between the skin and electrode 

increases, resulting in smaller values of   . 

For analyzing behaviour of   , we can again refer to Equation (16). Applying pressure 

creates more contact area between sweat and the electrode, thereby lowering the value of   . 

In our case, however, because we let the sweat evaporates after each measurement,    

remained approximately constant after 40 mmHg of pressure. 

According to our observations and measurements, we can conclude that applying pressure to 

the electrodes decreases skin-electrode impedance and thus reduces its impact on the 
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acquired ECG. In other words, applying pressure makes the acquired ECG closer to the In-

Body ECG. 
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Chapter 6: Conclusion and Future work 

6.1 Conclusion  

In recent years, conductive textile has become increasingly popular in medical applications, 

particularly for home health care devices. This is because it is a user-friendly type of 

electrode, bringing users convenience and comfort compared to gel electrodes, which are 

disposable and cause skin irritation. Moreover, unlike gel electrodes, the signal delivered by 

conductive textile does not fade out. In this study, we developed a hardware-based 

configuration appropriate for obtaining ECG signals with conductive textile and we acquired 

ECG using various types of electrodes from different locations on the body. This was done 

to evaluate the overall quality of ECG sensed by textile electrodes. Another purpose of this 

part of our work was to explore whether the obtained ECG signal was suitable for ECG-

assisted blood pressure measurement algorithms. We showed that conductive textile is a 

good choice for this purpose, since the ECG signals we acquired with it can be applied using 

ECG-assisted blood pressure measurement algorithms.  

In the next step of this study, we looked into problems that skin-electrode impedance can 

cause for the quality of ECG signal registered at the electrodes. In order to address this, we 

measured skin-electrode interface impedance variation by frequency. Moreover, we 

explained the procedures for modeling this in a simplified equivalent circuit. A new method 

of reconstructing ECG was also proposed and we showed that the skin electrode interface 

influences the quality and shape of the ECG signal registered at the electrode. Impact of skin 

electrode interface was shown and the procedure for detecting the differences between 
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affected ECG and In-Body ECG was explained. In-Body ECG is one step closer to what 

really happens in the heart; therefore, we can consider this a pure ECG signal. This thesis 

also explored the effects of the skin-electrode interface from a morphological perspective 

and some affected parameters were briefly presented. 

In the next step of this work, we proposed a method to optimize the ECG sensed by our 

electrodes. This method was based on minimizing skin-electrode interface impedance by 

applying pressure. We also measured this impedance under various pressure values and 

explored how its components vary under different pressure levels. Measurements were taken 

for three subjects. The variation rates in all components were observed and their graphs were 

plotted. 

Based on our measurements, skin-electrode interface impedance decreases when we apply 

pressure; this means that under such condition, Acquired -ECG exhibits less difference from 

In-Body ECG compared to when pressure is not applied. Therefore, we can assume that our 

device is capable of taking accurate ECG readings if we acquire ECG while applying 

pressure’ this is what occurs in reality when we use this system to implement ECG-assisted 

blood pressure measurement. 

6.2 Future work 

In the future, we can extend our work along several lines. We will discuss some of them 

here. 

6.2.1 Parameters affecting skin-electrode impedance 

In future work, we will expand our research to do perform such measurements for more 

subjects in order to analyze how skin-electrode interface components vary according to age, 
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gender and BMI; moreover, we will take ECG readings under different pressure values to 

evaluate the differences between Acquired-ECG and In-Body ECG under pressure. 

6.2.2 Impact of different electrodes on ECG 

So far, we have determined the effects of the skin-electrode interface on the ECG signal for 

AgNy conductive textile. In the future, we can expand this work by performing the same test 

for other types of electrodes, for example, gel electrodes and gold plates. Such experiments 

can be carried out by placing these electrodes under the cuff, applying pressure and repeating 

the same steps we used for conductive textile. Another expansion of this work will involve 

measuring intra- and extracellular fluids and their effects on ECG quality.  

6.2.3 Intra- and extracellular fluid 

Since the device we developed can apply pressure, we can use it for other purposes as well. 

One potential area is the measurement of extracellular water, since this varies with pressure. 

Therefore, we can explore how its variation influences ECG. 

For this part of the research, we first need to know more about intra- and extracellular fluids 

and their definitions. Water in the body is stored in two forms—inside the cells (termed 

intracellular water, ICW) and between cells (extracellular water, ECW). When a limb is 

pressed, extracellular water is removed from one area and migrates to another that is not 

under pressure; on the other hand, intracellular water remains inside the cell and does not 

change place. Total body water (TBW) plays an important role in total body electrical bio-

impedance, and ECW and ICW have their own roles. Total body electrical bio-impedance is 

measured in relation to frequency, and there is a certain function called the Cole function, 

which was introduced by K.S. Cole in 1940, associated with this bio-impedance. Cole 
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developed a mathematical equation with only four parameters, specifically R0, R∞, α and τ, 

that was found to fit electrical bio-impedance measurements experimentally [53]. Equation 

(17) is Cole’s equation:  

     ( )      
     

  (   ) 
                                                                                                  (17) 

In this equation, components are related to an electrical equivalent considered for electrical 

bio-impedance. Studies have shown correlations between bio-impedance and TBW [54]. On 

the other hand, due to its electrical behaviour, the human body can be modeled as follows 

[55]. Figure 52 shows the electrical equivalent of the human body. This model is also 

applicable for any limb. 

R(ECW)

XcR(ICW)

 

Figure 52 Electrical Equivalent of the Human Body 

 

The authors in [56] showed that ICW corresponds to the resistance in series with the 

capacitance component of the model, while ECW corresponds to the resistance in parallel to 

capacitance and resistance. Bio-impedance is generally measured in opposition to frequency, 

and Figure 53 shows how low and high frequency currents flow through tissue.  

With our device, we are able to press the tissue, thereby changing the volume of ECW in the 

limb. For our future work, we plan to apply pressure to patients’ arms and measure ICW and 

ECW based on the corresponding equations. At the same time, we will collect ECG data 

from patients and explore how more or less ECW affects the quality of the ECG signal. We 

will measure the bio-impedance of patients’ arms under different pressure levels and 
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estimate the components of the bio-impedance model depicted in Figure 52 through the 

application of certain techniques and methods. Then, we will apply pressure by inflating the 

cuff of our device and measuring ECG in this situation. Next, we will compare the ECG 

signals acquired under different pressures and thus different ECW volumes. In this way, we 

will identify the relationship between ECW and quality of ECG.  

 

 

Figure 53 High- and Low-Frequency Current Distribution in Intra- and Extracellular Water [56]  
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