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Abstract

In this study, the impact of force on electrode-skin impedance is examined; electrode

skin impedance can impact the quality of the recorded biological signals. Surface biopotential 

electrodes experience different levels of applied force during biological signal measurements, 

especially with wearable biomedical sensor systems. The analysis was based on applying 

different force levels (0 N, 8.9 N and 22.2 N) on different types of surface biopotential 

electrodes; 1) Ag/AgCl electrodes, 2) Stainless steel electrodes, 3) Orbital electrodes and on 

determining the effect of removing the applied force from the electrodes sites on electrode- 

skin impedance. Electrode-skin impedance was sharply decreased when the first force level 

was applied on dry electrodes and in the absence of electrolyte gel in the case of Ag/AgCl 

electrodes. Applying electrolyte gel to Ag/AgCl electrodes made inconsistent results among 

the subjects under high force level. Performing skin preparation caused the electrode-skin 

impedance to be sensitive to repeated application of loading/unloading of fixed low force 

level (5 N). The hysteresis effect was experienced in most of the measurements when force 

was removed from electrodes sites. An electrical circuit (RC) was used to model the 

electrode-skin interface. Increasing the applied force level on the electrodes sites resulted in 

an increase in capacitance (Cd) values and a decrease in resistance (R<j and Rs) values of the 

electrical circuit model components for the electrode-skin interface.

Decreasing the electrode-skin impedance by the force technique would be beneficial for 

improving the biological signal quality and improving the performance of modern wearable 

physiological monitoring system.
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1 Introduction

1.1 Surface Electrodes

Biological signals, such as electrocardiogram (ECG), electromyogram (EMG), and 

electroencephalogram (EEG), are rich in medical information. Biopotential electrodes have the 

ability to transduce bioelectric activity within the body (ionic current) into electrical current that 

can be measured and recorded [ 1], [2 ].

Biopotential electrodes can be broadly divided into two categories: 1) invasive electrodes and 

2 ) non-invasive electrodes [1], [2 ],

Invasive electrodes are designed to penetrate into skin surface for detecting biopotentials 

near the source of interest [1], [2], Non-invasive electrodes, which are also known as surface 

electrodes, are designed to be placed on the skin surface [1], [2]. Better signal quality can be 

obtained by using invasive electrodes than using non-invasive electrodes, since they measure 

near the source (other undesired bioelectric signals can be avoided) and they do not have to be 

contended with large amounts of tissues between the bioelectric source and the recording site, 

which attenuate the signal [1], [2]. However, non-invasive electrodes are the most common 

choice for clinical biological signals measurements and the preferred choice by patients and 

health care providers due to their safe usage (e.g., less chance of infection), convenience (e.g., 

easy to place electrodes), and better comfort for patients. This thesis will be focusing solely on 

non-invasive electrodes [1], [2 ],

Performance of non-invasive electrodes in detecting biological signals is highly dependent 

on electrode-skin impedance [1] - [5], High electrode-skin impedance would result in poor 

biological signal quality, low signal amplitude and low signal to noise ratio (Section 2.2) [1] -

1



[4], Many factors affect the electrode-skin impedance including atmospheric humidity [1], [6 ], 

heat [6 ], sweat secretion [1], [2], [6 ], skin type [7], [8 ] electrode size [1], [2], [9], electrode 

shape [2 ], electrode material [ 1], [ 1 0], electrolyte gel, and skin preparation as described in 

(Section 2.3) [11] - [13]. An externally applied force will also affect the electrode-skin 

impedance; however, its effects neither well researched nor well understood.

1.2 Motivation

Researchers in biomedical engineering field are developing new modem sensor 

technologies that enable continuous, remote monitoring of biological signals for patients [14], 

Biopotential sensor technologies can be integrated into various devices, such as chairs [14], 

rollators [15], and shirts [16], to monitor biological signals, such as ECG and EMG signals of 

patients. Many drawbacks are facing these remote sensor technologies. One major negative 

aspect is the high electrode-skin interface impedance [16], [17]. In addition, wearable devices 

require a certain tightness to guarantee good electrode-skin contact; the tightness may change 

due to muscle contractions during normal physical activities and respiration [16], [17]. As a 

result, the force applied to the biopotential electrodes will cause fluctuations in the electrode- 

skin impedance [17]. Changes in electrode-skin impedance will affect biological signal quality, 

resulting in noise and measurement artifacts in the recorded biological signals (e.g., motion 

artifact) [1], [2 ].

Investigating the effect of external force on the electrode-skin impedance for non-invasive 

measurements would lead to better understanding of its impact on biological signal quality.

1.3 Thesis Objectives

The main objective of this thesis is to investigate the effects of an externally applied 

force on the electrode-skin impedance for non-invasive surface electrodes used in acquiring

2



biological signals. It will examine the effect of different force levels and force loading and 

unloading on a variety of non-invasive biopotential electrodes, in the presence and absence 

of electrolyte gel, also with and without skin preparation.

1.4 Thesis Contributions

The major contributions of this thesis are:

1- Analyzing the effect of an external force on electrode-skin impedance for Ag/AgCl 
electrodes.

The effect of force on electrode-skin impedance for silver/silver chloride (Ag/AgCl) 

electrodes is analyzed based on experimental results obtained from five subjects. A circuit 

model of the electrode-skin impedance is employed as part of the analysis. The impact of 

force on the electrode-skin impedance under the presence and absence of an electrolyte gel 

for Ag/AgCl electrodes is assessed. The response of electrode-skin impedance to varying 

levels of force is analyzed (i.e., increasing the level of applied force and then decreasing 

the level of applied force on electrodes sites). The reasons behind the decrease in electrode- 

skin impedance with respect to force application and the inconsistent fluctuations in 

electrode-skin impedance when an electrolyte gel was applied are discussed.

2- Analyzing the effect of an external force on electrode-skin impedance for dry 
electrodes.

The effect of force on electrode-skin impedance for different dry electrode types: 1) 

Stainless steel electrodes, 2) Orbital electrodes are analyzed based on experimental results 

obtained from five subjects. A circuit model of the electrode-skin impedance is employed as 

part of the analysis. The impact due to difference in shapes between stainless steel

3



electrodes and Orbital electrodes on electrode-skin impedance is evaluated and also the 

impact of Orbital electrodes spikes on electrode-skin impedance under different force 

levels. The response of electrode-skin impedance to varying levels of force is analyzed (i.e., 

increasing the level of applied force and then decreasing the level of applied force on 

electrodes sites). The different factors that caused a large drop in electrode-skin impedance 

after the application of force on dry electrodes sites are examined.

3- Analyzing the effect of repeated force loading/unloading on electrode-skin 
impedance for pregelled Ag/AgCl electrodes with skin preparation.

The effect of force on electrode-skin impedance for pregelled Ag/AgCl electrodes and 

prepared skin sites is analyzed based on experimental results obtained from five subjects. A 

circuit model of the electrode-skin impedance is employed as part of the analysis. The 

biological signal recording conditions for wearable biomedical sensor systems are 

mimicked in this study. Applying a repeated loading/unloading of fixed low force level 

(5 N) to electrodes sites resulted in a decrease in electrode-skin impedance and an increase 

when no force was applied. The effect of repeated loading/unloading of fixed low force 

level (5 N) on electrode-skin impedance is analyzed, in addition to the impact of skin 

preparation on the electrode-skin impedance response to applied force.

4- Comparison between the response of dry electrodes and wet electrodes to an 
external force level.

Dry electrodes (Stainless steel and Orbital) were found to have much larger decrease in 

electrode-skin impedance in response to force application as compared to wet electrodes 

(Ag/AgCl) with electrolyte gel.

The variations in electrode-skin impedance responses to an external force due to the 

differences in electrodes properties between dry and wet electrodes are evaluated.
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Portions of this research have been disseminated in the following publication:

A. Albulbul and A. D. C. Chan, “Electrode-skin impedance changes due to an externally 
applied force,” IEEE Intl. Symp. MeMeA, Budapest, Hungary, pp. 18-19, May 2012.

1.5 Thesis Organization 

Chapter 2 presents background information on non-invasive electrodes, electrode-skin 

impedance, factors that influence the electrode-skin impedance, and an equivalent circuit model 

for the electrode-skin interface. This chapter includes an overview of previous research on the 

effect of an external force on the electrode-skin impedance.

Chapter 3 presents a detailed description of the equipment and methodology used in this 

thesis.

Chapter 4 examines the effect of different external force levels on the electrode-skin 

impedance for Ag/AgCl electrodes with electrolyte gel and Ag/AgCl electrodes without 

applying an electrolyte gel.

Chapter 5 examines the effect of different external force levels on the electrode-skin 

impedance for different dry electrode types (Orbital and stainless steel electrodes).

Chapter 6 examines the effect of repeated loading/unloading of fixed low force level and skin 

preparation on the electrode-skin impedance for Ag/AgCl electrodes with electrolyte gel. 

Chapter 7 provides the conclusion obtained in this thesis and suggestions for future work.
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2 Literature Review

This chapter highlights some fundamentals topics on biopotentials recordings. It provides 

a brief overview of the two types of electrodes (section 2 .1): 1) polarizable and 2 ) non- 

polarizable electrodes. Electrode-skin impedance is discussed, along with its effect on 

biological signal quality (section 2.2). Factors that affect electrode-skin impedance are also 

discussed (section 2.3). An external applied force that can affect the electrode-skin impedance 

is an additional factor and is the focus of this study. A critical review of previously published 

works concerning the effect of an external applied force on electrode-skin impedance is 

presented (section 2.4). An equivalent circuit model, used to represent the electrode-skin 

impedance, is introduced (section 2.5). This model is used in this study to better understand the 

changes in electrode-skin impedance with respect to force application. The anticipated effect of 

an external force on electrode circuit model components is discussed in section 2 .6 .

2.1 Polarizable versus Non-Polarizable Electrodes

Biopotential electrodes perform the function of exchanging ionic current that occur in the 

body to electric current [1]. Non-invasive biopotential electrodes have many applications in the 

medical field including detecting biological signals (e.g., ECG, EMG and EEG), transferring 

electrical impulses to the body (e.g., cardiac pacing and defibrillation), and in bioimpedance 

measurements applications [1], [2], Non-invasive electrodes can be categorized as polarizable 

or non-polarizable electrodes; they are also known as dry and wet electrodes, respectively.

Ideal polarizable electrodes do not permit charges to pass through the electrode-skin interface 

[1], [2], Instead, a change in ionic concentration at the electrode-skin interface results in
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a displacement current [1], [2 ]; as such, polarizable electrodes are often described to function in 

a manner similar to a capacitor [1], [2], Polarizable electrodes have higher electrode-skin 

impedance, a very large charge transfer resistance value [ 1], [2 ], [18], and higher noise in 

comparison to non-polarizable electrodes [1], [19]. Polarizable electrodes are applied to the 

skin’s surface without using an electrolyte gel [20]. In general, they are not recommended for 

clinical measurements due to their lower signal to noise ratio [4], [20]. Polarizable electrodes 

have poor contact with the skin’s surface resulting in electrodes movements and instability in 

detecting the changes in ionic concentration at the electrodes sites [1], [2]. Due to their 

weakness in contacting with the skin’s surface, a change in the distributions of ions at the 

electrodes sites would cause disruptions of ions and changes to electrode’s half cell potential 

resulting in noise and motion artifacts to biological signals [ 1], [18]-[20].

Ideal non-polarizable electrodes permit the charges to pass through the electrode-skin 

interface without hindrance [2]. In non-polarizable electrodes, reduction/oxidation reactions 

occur at the electrode-skin interface, exchanging charge carriers from ions to electrons and vice 

versa. These reactions are electrochemically reversible in non-polarizable electrodes [2]. The 

electrolyte gel is used with non-polarizable electrodes to facilitate the electrochemical reactions 

and to reduce electrode-skin interface impedance [2], [4], [12].

Stainless steel electrodes are classified as polarizable electrodes [1]. They are one of the 

most common polarizable electrodes used in modem wireless sensor technologies for 

monitoring biological signals (e.g., chairs, shirts) [21], Ag/AgCl electrodes are classified as 

non-polarizable electrodes and considered as the universal electrodes in clinical measurements 

(e.g., ECG, EMG and EEG). They are associated with low electrode-skin impedance, low noise 

and motion artifact [2 2 ],
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2.2 Electrode-Skin Impedance

Electrode-skin impedance plays a major role in biological signal quality. High electrode- 

skin impedance influences negatively biological signal quality since it is associated with low 

signal-to-noise ratio [1], [2], [23]. High electrode-skin impedance causes poor detection of 

biopotentials at the electrodes sites, because it forms a strong barrier for the potentials to cross 

it, causing signal attenuation [1] -  [4]. High electrode-skin impedance could be linked to low 

mobility of ions across the highly resistant skin layer (stratum comeum) that is in contact with 

electrodes and low electron/ion exchange at electrodes sites [1] -  [4]. Thus, that could cause 

weak conductivity between electrodes and skin and would reduce the biological signal 

amplitude (low signal to noise ratio). A mismatch in impedance between the electrodes at the 

skin surface during recording a biological signal would increase common mode interference 

(e.g., power line noise) and decrease the signal-to-noise ratio [2], [20]. With higher electrode- 

skin impedances, there is a higher probability of a larger mismatch in electrode-skin impedance. 

In addition, high electrode-skin impedance will cause a decrease in signal power and will be 

associated with higher susceptibility to motion artefact [8 ], [13], [23].

Electrode-skin impedance varies from one person to another and from one part of the body 

to other. For example, when Rosell et al. [4] measured the electrode-skin impedance at different 

parts of the body for ten subjects, using Ag/AgCl electrodes, they found a high electrode-skin 

impedance of around 1 M fi at 1 Hz at the leg site, while around 100 kD at the forehead site.

2.3 Factors Influencing the Eiectrode-Skin Impedance

Skin tissue is responsible for the high electrode-skin impedance [24]-[27]; in particular, the 

stratum corneum, which is at the surface of the skin, with a depth of approximately 9-19 pm 

[28]. The stratum corneum has a high impedance value because it is comprised of dead cells
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and there is a scarceness of fluid at this tissue layer [29], [30]. Also, many factors could affect 

the electrode-skin interface impedance, including electrode size [18], electrode shape [2 ], [2 0 ], 

[31] electrode material [1], [20], [32] application of electrolyte gel [12], [33], [34], skin 

preparation [4], [13], environmental factors (e.g., humidity or heat) [1], [35] and skin type 

(e.g., skin thickness, skin dryness) [24], [36].

Electrode surface area is known to influence the electrode-skin impedance; larger 

electrode surface area results in lower electrode-skin impedance as it will be described in more 

details in section (2.6) [1], [2], [9]. The shape of non-invasive electrodes could influence the 

electrode-skin impedance. Spiked electrodes penetrate into the skin through the highly resistant 

stratum corneum layer and thus would result in lower electrode-skin impedance [31].

The type of electrode material determines where an electrode fits on the polarizable/non- 

polarizable spectrum of electrodes. Typically, electrodes could be classified as polarizable or 

non-polarizable, but their degree level of polarizability is different in which different kinds of 

electrodes have different strength of ploarizability. Thus, there could be very low polarizability 

strength or very high polarizability strength. Electrodes made of platinum are more polarizable 

than electrodes made of tin metal. Therefore, platinum electrodes are more ploarizable than tin 

electrodes [2 2 ],

Non-polarizable electrodes tend to be associated with lower electrode-skin impedances in 

comparison to polarizable electrodes (Section 2.1) [1], [2], [32], [37].

Electrolyte gel forms conductive environment for the ionic charges to be transferred to 

electrode surface. The gel can penetrate into the skin, hydrating the stratum corneum layer, and 

providing a better conductive environment [1 ], [2], [33], [38]. Skin preparation is the most 

common procedure performed to reduce the electrode-skin impedance [11], [13], [34], [39],
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[40], Reduction of electrode-skin impedance is accomplished by the removal of stratum 

comeum layer [23], Skin preparation can be performed through several techniques. Among the 

first techniques used was the application of adhesive tape to the skin’s site for several times to 

remove the top skin layers of the epidermis [24]. Other techniques rely on rubbing the skin 

surface with sandpaper and shaving any hair at the electrode placement sites [23]. However, 

stripping the skin layers by adhesive tape or sandpaper can be associated with pain or 

discomfort. Some modern skin preparation techniques use a highly concentrated gel that 

contain rough elements (quartz elements), forming a rough surface on the skin’s site, followed 

by rubbing the skin site with a fabric to remove the stratum comeum layer from the skin’s 

surface [20].Wiping the skin’s surface with alcohol swab could also help prepare the skin’s site 

for biological signals measurements, since it can remove the oily residues and part of the dead 

skin layers from the skin site [11].

Humidity can cause a change in the water’s content of the stratum comeum and affect the 

electrolytic activity [1], [41], Higher humidity or sweat secretion can cause higher electrolytic 

activity and thus lower impedance values for the skin [1], [41].

High level of hydration could lead to a better electrolytic activity of ions and such a better 

biological signals recording conditions [1], [35], In addition, higher body fluid will enhance the 

transformation of ions by sweat to the skin surface and subsequently to the electrodes [1]. 

External force is also considered to affect electrode-skin impedance. This is discussed in the 

next section and is the main focus of this thesis.
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2.4 Previous Works on the Effect of an External Force on Electrode-Skin 
Interface Impedance

Applying an external force to electrodes sites is found to decrease the electrode-skin 

impedance [42], [43]. It forces an increase in the contact strength between electrode’s surface 

and skin such increasing the effective electrode’s contact area, leading to a decrease in 

electrode-skin impedance [9]. Also it affects the electrode’s circuit model components, 

capacitance (Cd), the charge transfer resistance (Ra) and the series resistance (Rs) as will be 

discussed in more details in section (2 .6 ) and in the next chapters.

There are limited amount of previous works examining the effects of an external force on 

the electrode-skin impedance. Hill et al. [42], investigated the electrical impedance 

plethysmography and the effect of blood pressure on Ag/AgCl electrodes during measurements. 

A change in the electrode-skin interface impedance was found when they applied a necklace or 

a bracelet on the electrodes sites. The effect of a necklace or a bracelet on the electrodes sites 

was measured to be equivalent to approximately 100 g (0.98 N) over the electrodes sites. They 

found a decrease of 3.2 kil/cm 2 when a 100 g (0.98 N) (bracelet) was placed on the electrodes 

sites under dry skin condition in comparison to 1 g (0.0098 N) (weight of electrode). There was 

a small decrease of 0.2 kfi/cm 2 when a 100 g (0.98 N) was placed on electrode-electrolyte gel 

sites (wet skin condition) in comparison to 1 to 2 g weight (0.0098 to 0.0196 N). This work 

only measured impedances at 5 kHz and did not investigate different electrode types. Moreover, 

there was no satisfactory explanation provided as to why there was a decrease in impedance.

The effect of an external force on the surface electrode-skin impedance measurements 

was examined by Swanson [43], based on the initial work by Hill et al. [42]. The measurements 

of the electrode-skin impedance were done in the frequency range of 1 Hz -  1 MHz at the
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forearm, leg, back and at the chest area. Swanson applied a pressure o f 70 g/cm2 (0.69 N) on the 

Ag/AgCl electrodes sites in the absence of electrolyte gel and found a decrease of 10 % in 

impedance when it was measured at 100 Hz -  1 kHz, while there was 1-3 % decrease in 

impedance when it was measured at lower frequencies range (1 Hz -  10 Hz). Swanson 

concluded that the effect of pressure on the electrodes sites had resulted in an increase in the 

contact area between the electrodes and the skin leading to a decrease in electrode-skin 

impedance. When Swanson repeated the application of pressure on the same Ag/AgCl 

electrodes sites with electrolyte gel, the impedance was increased by 10  % at the low frequency 

range and the high frequency range. The reason behind the increase in impedance was 

attributed to the electrolyte gel under the electrode’s cup [43]. The electrolyte gel was thought 

to have been squeezed out from the electrode’s boundary during the application of pressure on 

the electrodes sites, which caused the impedance to increase. Swanson had only applied a light 

load 70 g/cm2 (0.69 N) on the electrodes sites and focused on one type of electrodes (Ag/AgCl).

Dozio, Baba and Burke analyzed the electrode-skin impedance of different sizes of dry 

surface carbon-inlayed silicon rubber electrodes for long term ECG signal measurements, 

including the effect of applied force on electrodes sites [44], [45]. An electrode circuit model 

was used to represent the electrode-skin impedance. However, there are some concerns about 

the methodology they used on their measurements and its effect on the accuracy of the results. 

They used a two-electrode system in [44] and [45] for measurements and two time constants to 

estimate the values of electrode-skin interface impedance; essentially two RC circuits in series. 

The first time constant was used to estimate the electrode-electrolyte interface and the second 

time constant was used to estimate the impedance value of the electrolyte-skin interface. It 

turned out to be some errors in their results, as they reported of having some difficulties in
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determining the time constant for each circuit. Thus, to avoid complexity, each electrode can be 

associated with just one time constant as described in the next section (2.5) [1], [12]. Their 

results showed variations in the impedance values with respect to different pressure levels. The 

pressure levels applied in [44] and [45] were 5 mmHg (0.067 N/cm2) and 20 mmHg (0.27 

N/cm2). The variations in the impedance values among the tested subjects were not in 

agreement, as there were some decrease and increase in impedance values with increasing 

pressure level. Their inconsistent results may be related to the low level of pressure being 

applied (5 mmHg and 20 mmHg), and to the nature of the electrodes materials (dry surface 

carbon-inlayed silicon rubber electrodes) as the elastic property of the electrode’s rubber might 

cause an absorption of some of the applied pressure and affect the accuracy of the results.

The tool they used to apply pressure to electrodes sites relies on customizing a belt with bladder 

that can be inflated to the desired level and controlled by a pressure monitor device.

The previous works on the effect of external force on electrode-skin impedance have 

provided some evidence of the changes that may influence the electrode-skin impedance. 

Furthermore, they have motivated researchers for further research on exploring the effects of 

different force levels on electrode-skin impedance, hence the published works on this issue 

were limited to light force levels <1 N and did not explore the effect of force on electrode-skin 

impedance for different electrodes types.

2.5 Equivalent Circuit Model for the Electrode-Skin Impedance

An equivalent circuit model can be used to better understand the interactions between 

a surface electrode and the skin. Warburg was known to be the first to propose an equivalent 

electrode-electrolyte interface circuit model [46]. Feates et al. had identified the components of 

the equivalent electrode circuit model by analyzing the conductivity nature of biological tissues
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[47]. Their work helped in estimating the values of capacitors and resistors in the electrode-skin 

model. In addition, their study provided more details on the effect of skin capacitance, 

impedance and electrolyte gel or sweat on the electrode-skin impedance.

(Figure 2.1a) depicts a simplified single time constant for electrode-skin interface (single 

interface) circuit model. The half cell potential (EhC) represents the potential difference between 

the skin or electrolyte (gel or sweat) and the electrode as a result of the ions that reside between 

the electrode and skin [2], The capacitance that accommodates the charges that are located 

between the electrode and skin double layer is represented by Cd [2], [25]. The resistance that 

would occur to the charges transfer between the skin and electrode is represented by Rd [2],

[48]. The series resistance (Rs) represents the resistance of the electrolyte gel and sweat [1], 

[48],

There are different electrode circuit models that represent the electrode-skin interface. A double 

time constant model (double interface) that has two circuits as in (Figure 2.1b) is designed to 

represent the electrode-electrolyte (gel-sweat) interface with the first circuit and the electrolyte- 

skin interface with the second circuit.

The first circuit components (Ehc, Cd, Rd and Rs) in the double time constant model are as 

described previously. A half cell-potential (ESk) is the first component in the second circuit of 

the electrolyte-skin interface and it represents the potential difference caused by the changes in 

ion concentration at the electrolyte (gel-sweat)-skin interface. Ce represents the capacitance of 

the electrolyte-skin in the upper skin layer (Epidermis) junction, Re represents the resistance to 

the flow of ions across the skin surface and RdS represents the resistance of the deep skin tissues 

(Dermis).
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Figure 2.1. Different equivalent electrode circuit models for electrode-skin interface, (a) Single 
time constant circuit model, (b) Double time constant-circuit model, (c) Double time constant- 
circuit model in addition to sweat duct’s circuit, (d) Three time constant circuit model.
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The third model (electrode-skin-sweat duct’s model) in Figure 2.1c is different from the 

previous double time constant model in Figure 2.1b by the addition of another circuit model 

(Esw, Csw and Rsw) that represents the involvement of sweat glands and ducts in electrode 

circuit modeling. (Esw) is the potential changes between the sweat ducts and the surrounded 

skin tissue, (Rsw) represents the resistance of ions transfer through the sweat ducts and (Csw) is 

the capacitance at the junction between sweat glands and sweat ducts [2]. Also, there is a three 

time constant model to represent the electrode-skin interface in Figure 2 .Id. The three time 

constant model is different from the previous models by the addition of another circuit to 

represent the deep skin tissue (Dermis) and the ions in the tissue fluid. In the three time 

constant circuit model, R<js represents the resistance of skin tissue in dermis (muscle and fat 

tissue) and C^s represents the capacitance that results from the ions in the junction between the 

fat tissue and muscle tissue. Also, the three time constant model has Riead which represents the 

electrode’s wire resistance [5].

In this study, the simplified single time constant (single interface) circuit model (Figure 2.1a) is 

used in the evaluation of the effect of force on electrode-skin impedance. The simplified single 

time constant circuit model represents the major interface that affects the electrode-skin 

impedance. Analyzing the effect of force on a single time constant electrode circuit model 

components values would provide an understating of the impact of an external force on 

electrode-skin impedance.

In addition, the other models (Figures 2.1b, c, d) have two or three circuits. So, there is a need 

for a time constant to be determined for each circuit and such the differentiation of each circuit 

components values could be problematic when having two or three circuits in the same model.
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Determining different circuit model components values for different time constant circuits 

could be associated with errors as the difference between each time constant of two adjacent 

circuits is very small (could be less than 1 ms) [1], [45],

2.5.1 Equivalent Circuit Model Components Values for Electrode-Skin 

Interface

R s + R d  = 300 k£»

10 k

1 0 0 0

R s = 200  £2

10 i o  k 5 0 0  k1 0 0 0

F i e q u f i i f y  i H z i

Figure 2.2. Bode plot representing impedance as a function of frequency for electrode-skin 
interface and electrode circuit model components.

Analyzing the behaviour of the electrode-skin impedance with respect to frequency (Figure 2.2) 

would lead to determination of the electrode circuit model components. In this study, the 

estimation of the electrode circuit model components will be based on a single electrode circuit 

model (Figure 2.1 a).

At low frequencies and before approaching the cut-off corner frequency, the electrode-skin 

impedance is at its maximum value [1], [2], At low frequencies and at the open circuit state,
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capacitor Cd is at high impedance region where the electrode-skin impedance is dominated by 

Rd + Rs [2], [48], [49]. The impedance associated with the capacitor approaches infinity at low 

frequencies [2]. There is a steep decline in impedance, typically around frequencies 100 Hz -  

500 Hz, in which Cd value can be determined from the cut-off comer frequency [2]:

r  -  1 <2»
‘ 2 n f  R t

At high frequencies 500 kHz -  1 MHz, the impedance associated with the capacitor 

approaches zero at the short circuit state and the electrode-skin impedance is dominated by Rs 

(Figure 2.1) [1], [2], [49]. The electrode-skin impedance at low frequencies is much larger than 

at high frequencies [1], [2], [25].

2.6 The Anticipated Results for Equivalent Circuit Model Components 
Values for Electrode-Skin Interface under the Influence of an External Force

Different factors would change the electrode circuit model components values as stated in 

section 2.3. The expected effect of external force on the electrode circuit model components 

Cd, Rd and Rs values will be discussed in the following subsections.

2.6.1 Expected Changes on Cd Value

It is anticipated that the effect of external force on the electrodes sites is marked by 

increasing the contact area between the electrode surface and the skin, which would increase 

the value of Cd value. The increase in the area of the parallel plates (A) (double layer charge 

between electrode and skin) would mean more ions to be stored between electrode and skin
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resulting in an increase in capacitance value (C) in accordance with the parallel-plate capacitor's 

formula (2.2) [50]. Capacitance is directly proportional to the area of the parallel plates.

A
C = £ r S0 -  (2 .2 )

a

C is the capacitance (F)

£ r is the dielectric constant of the material between the parallel plates.

£ 0 is the electric constant (approximately 8.85 X 10~12 F m '1)

A is the area of the parallel plates (m2) 

d is the separation distance between the parallel plates (m)

Pressing the electrodes sites would decrease the separation distance between the parallel 

plates (d) (double layer charge) that forms between the skin and electrode, thus generating a 

higher capacitance value (Figure 2.4). The dielectric constant of the material between the

parallel plates (£r)and the electric constant (£0) are constant.

2.6.2 Expected Changes on Rd Value

Rd value is expected to be lower after an external force is exerted on the electrodes sites 

because the electrode’s contact area would increase if there is an external force on the 

electrode’s site. Exerting a force on electrodes sites would force the entire electrode’s surface to 

be in contact with the skin, and thus increasing contact area would decrease the impedance [9]. 

The effect of external force on R<i value can be better analyzed through the resistance of a 

conductor's formula (2.3) which states the relationship between resistivity, length and the cross- 

sectional area of the conductor material with resistance [50].
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R = P ~  (2.3)

R is the resistance (Q)

p is the resistivity of the material that has the unit of (Q.m)

L is the length of the material that has the unit of (m)

A is the cross sectional area of the conductor material that has the unit of (m2)

According to resistance of a conductor's formula (2.3), a decrease in Rd values can be 

related to an increase in the electrode-skin contact area (A) and to a decrease in (p) resistivity 

value as a result of an increase in sweat quantity or the presence of an electrolyte gel, while 

assuming the value of L does not change in this study.

2.6.3 Expected Changes on Rs Value

The series resistance (Rs) value represents the electrolyte gel, sweat and the underlying 

skin tissue. Rs value is expected to be lower under the influence of force. The expected lower 

Rs value can be correlated with the resistance of a conductor's formula (2.3). Application of 

force on electrodes sites would enhance sweat activity with time causing a decrease in (p) 

resistivity and such in Rs value. Also, the presence of an electrolyte gel would decrease (p) 

resistivity and decrease Rs value [33]. In addition, the increase in the cross sectional area (A) 

(electrode-skin contact area) described in previous section (2 .6 .2 ) would allow more sweat- 

electrolyte gel to be in contact with electrode’s surface, thus decreasing Rs value.
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3 Materials and Methods

Section 3.1 and section 3.2 describe the experimental setup and electrodes used in this 

study, respectively. Section 3.3 describes the data collection procedures. Section 3.4 describes 

the electrode circuit used to model the electrode-skin impedance, and it also describes how 

electrode circuit model components were estimated.

3.1 Experimental Setup

3.1.1 External Force Apparatus

The external force being applied to electrodes in this study is provided by a customized 

clamp device (Figure 3.1). Since electrode-skin impedance measurements involve two 

electrodes, the customized device uses two clamps (Model # SL300 Quick-Grip, Irwin Tools, 

Huntersville, NC, U.S.A.); one for each electrode. These clamps were integrated into a fixed 

wooden base to provide a downward vertical force.

Figure 3.1. Photo of the customized clamp device that was used to provide the externally applied 
force to electrodes.
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3.1.2 Force Sensor

A force sensor was used to measure the applied force to each electrode. FlexiForce 

sensors (Figure 3.2) are used in these experiments (FlexiForce, Model # A201, 25 lb range, 

Tekscan, Boston, MA, U.S.A.). Two force sensors are used; one associated with each 

clamp/electrode.

The force sensor transduces an applied force to a change in resistance. If there is no force 

applied to the force sensor, the force sensor will be at its maximum resistance (larger than 

5 M il) [51]. When a force is applied, the electrical resistance will decrease and the force sensor 

will conduct an electrical current. The conductance is set to change (i.e., reciprocal of the 

resistance) linearly with the applied force in the operating range.

Figure 3.2. Force sensor (FlexiForce Model # A201,25 lb range, Tekscan, Boston, MA, U.S.A.).

This force sensor has a circular sensing area 0.375" (0.95 cm) in diameter and a sensing 

range of 0 lb to 25 lb (0 kg to 11.34 kg). Sensor accuracy is reported by the manufacturer to be 

± 3.0 % [51]. Based on the trials performed (section 3.1.2.2), the sensor accuracy obtained is 

± 8 %.

The force sensor is made of two polyester thin film layers and two silver (conductive metal) 

layers. Each silver layer is shielded with one polyester thin film [51]. The silver metal layer 

covers the sensing area and ends with three pins to be connected with the force to voltage 

circuit. Also, there is a pressure sensitive ink which is made of an elastic polymer and contains
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semi-conductive nano-particles. The pressure sensitive ink is placed between the silver layers in 

the sensing area. The specifications of the force sensor are available in Table 3.1 and in [51].

Temperature effect on the force sensor measurements is very minimal since the 

measurements are set to be done at room temperature 22°C and the recommended operating 

temperature range by the manufacturer is between -9°C to 60°C. Also, the sensitivity of the 

force sensor to 1°C change in temperature is approximately 0.4% [51]. The performance of the 

force sensor’s operation with changes in temperature is not published or reported by the 

manufacturer (Tekscan).

Table 3.1. Specifications of the force sensor (Model # A201).
Force Ranges 0-25 lb (1 ION)
Response Time < 5 psec.
Operating Temperatures (-9°C to 60°C)
Temperature Sensitivity Output variance up 

to 0.4% per 1°C

3.1.2.1 Force Sensor Drive Circuit

The FlexiForce sensor is used with a force-to-voltage circuit. This circuit is based on 

Tekscan’s manual recommended drive circuit [51] and is shown in Figure 3.3. An operational 

amplifier LM 741CN (Model # LM741CNNS-ND, National Semiconductor, TX, U.S.A.) is 

used to scale the output voltage. The reference resistor used to set the gain was represented by 

R f  = 1 0 0  kH, the sensing resistor (Rse) has a very high resistance (larger than 5 MO) when no 

force is applied.

V0ut = - V T(RF/Rse) (3.1)

where VTis the input voltage.

A power supply (Model # 72, TENMA laboratory, Springboro, Ohio, U.S.A.) was used for
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supplying 8 V DC power to force to voltage circuit. The output voltage was measured by 

a digital multimeter (Model # 052-0060-2, Mastercraft, ON, Canada).

Rf =100kQ

6  —
VT

-8 V GND

Figure 3.3. Force-to-voltage circuit.

3.1.2.2 Calibration of the Force Sensor

A calibration was performed for the 25 lb force sensor by placing different amounts of 

weight on the force sensor and measuring the output voltage from the force-to-voltage circuit 

by a digital multimeter (Model # 052-0060-2, Mastercraft, ON, Canada). The weights used are 

0.250 kg (0.6 lb, 2.45 N), 0.750 kg (1.7 lb, 7.35 N), 1.76 kg (3.9 lb, 17.26 N) and 2.64 kg (5.8 

lb, 25.89 N). Weights were verified using an electronic scale (Model # EJ-4100, A&D, Korea). 

Five calibration trials were performed. The calibration results are shown in Figure 3.4. There 

was a small difference between each trial. One of the reasons behind the variations in 

measurements between the calibration trials for the force sensor in Figure 3.4 is related to the 

accuracy of the force sensor. Based on the trials performed, the accuracy obtained ± 8 % is 

different from the reported value ± 3 % by the manufacturer (Tekscan) [51]. The reasons behind 

that could be attributed to the quality of the force sensor and the hysteresis effect with force

LM741CN

+ SV

F6KCE5gf5gft'

^  > 5MQ at ON
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loading/unloading during the force sensor operation, since the manufacturer reported that the 

effect would be < 4.5 % on the measurements. The temperature effect on the calibration 

measurements is considered to be very minimal as described in section (3.1.2).

Force Level Vs Changes in Electrical Voltage

-♦ -F ir s t  Trial 
- • -S e c o n d  Trial 
- ♦ —Third Trial 
-^♦-Fourth Tial 
-4K-Fifth Trial

Force (Newton)

Figure 3.4. The calibration graph of the force sensor (FlexiForce, Model # A201, 25 lb range).

3.1.3 Bioimpedance Measurement System
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Figure 3.5. Block diagram of the experimental setup applied in this study.
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A bioimpedance measurement system is used to measure the electrode-skin impedance in 

response to different frequencies and to an applied alternating electrical current in accordance 

with the safety standards (Figure 3.5).

The bioimpedance measurement system used in the study is consisted of a personal computer 

(PC) (Dell 390, Processor 3.0 GHz, Pentium 2, Win XP), frequency response analyzer (FRA) 

(Model # 1255B, Solartron Analytical, Farnborough, U.K.) and impedance interface device 

(Model # 1294A, Solartron Analytical, Farnborough, U.K.).

Impedance was measured from 1 Hz to 1 MHz (10 points per decade), averaging 20 cycles per 

frequency, applying an alternating electrical current of 1 0 0  pA root mean square supply current. 

The applied alternating electrical current 100 pA is in accordance with the safety standards [2]. 

100 p A is a low AC current value that would not harm the human body [2].

Each impedance measurement took approximately 6  min to complete. The expected change to 

occur for the electrode-skin impedance after the 6  min is passed is mainly a further decrease in 

impedance as a result of electrode settling and force effect on electrodes sites as described in 

the appendix (Section B2).

This bioimpedance system is set to measure the impedance of a sample (electrode-skin 

interface) by placing two electrodes on the arm and connecting the electrodes to the 

bioimpedance measurement system by shielded cables (a snap electrode lead for each 

electrode).

An electrical sinusoidal AC current (constant current of 100 pA) with the frequency range 

between (1Hz -  1MHz) can be generated from FRA, in which the AC current can pass to 

impedance interface device and to the electrodes [1], [52]. The injected current will pass 

through the electrode-skin to measure the drop in voltage across the two electrodes.
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The measured drop in voltage is returned back to FRA through impedance interface device to 

calculate the impedance of the sample (electrode-skin interface) by the system [1], [52]. The 

measured drop in voltage value over the injected AC current value will provide the impedance 

value.

The following sub-sections (3.1.3.1, 3.1.3.2, 3.1.3.3) describe the functions of each device used 

in the bioimpedance system. The following (Figures 3.6 -  3.8) show the experimental setup 

used in the study.

Figure 3.6. Experimental setup which consists of frequency response analyzer device (Model # 
1255A, Solartron Analytical, Farnborough, U.K.) and impedance interface device (Model # 1294A, 
Solartron Analytical, Farnborough, U.K.). Two clamps (SL300 Quick-Grip, Irwin Tools, 
Huntersville, NC, U.S.A.).

W

Figure 3.7. Pair of Ag/AgCl electrodes placed on the ventral side of the forearm, with electrode 
snap leads, and FlexiForce sensors (Model # A201, 25 lb range, Tekscan, Boston, MA, U.S.A.).
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Figure 3.8. A simplified schematic diagram of the experimental set up.

3.1.3.1 Computer for Data Control Unit

A personal computer (PC) (Dell 390, Processor 3.0 GHz, Pentium 2, Win XP) is connected to 

the bioimpedance system. SmaRT software (Version 3.0.1, Solartron Analytical, 

www.solartronanalytical.com) is used to control the input data such as the supplied AC current 

value, frequency range, and the measurement bandwidth of the frequencies (number of cycles at 

each frequency). In addition, it is used for receiving the output data: impedance in ohm and 

phase degrees at each frequency point, Admittance magnitude, capacitance magnitude at each 

frequency point and the time each measurement it takes to complete.

3.1.3.2 Frequency Response Analyzer (FRA)

FRA device (Model # 1255B, Solartron Analytical, Farnborough, U.K.) (Figure 3.9) is 

connected to the PC to control its input data and to send its output data. It is also connected to 

impedance interface device. FRA important specifications are listed in Table 3.3 [53].

FRA can generate sinusoidal AC signal at wide controlled frequencies with an optional 

sweeping range (1 pHz - 1 MHz).
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The sinusoidal AC signal is amplified through power amplifier and supplied to impedance 

interface device [1], [52],

Table 3.2. Specifications of the frequency response analyzer (1255 B)
AC Amplitude 0 to 3 V rms
Frequency range lOpHzto 1 MHz
Maximum output current ±100 mA peak
Common mode rejection >50 dB
Output impedance 50 Q ±1%

Figure 3.9. Frequency response analyzer device (Model # 1255B, Solartron Analytical, 
Farnborough, U.K.).

3.1.3.3 Impedance Interface Device

Impedance interface device (Model # 1294A, Solartron Analytical, Farnborough, U.K.) 

(Figure 3.10) is connected with frequency response analyzer device, and its important 

specifications are listed in Table 3.2 [54]. FRA is set to supply sinusoidal AC signal to 

impedance interface device as described in section (3.1.3.2). Impedance interface device is set 

to transfer sinusoidal AC signal to the measured sample (electrode-skin interface) and to send 

the measured drop in voltage signal from the electrode back to FRA [1], [52]. The signal passes 

the impedance interface device for many reasons. Impedance interface device is set to prevent 

disturbance to the supplied current and to the measured drop in voltage when it receives it back. 

A balanced generator system is implemented to minimize common mode voltages An 

adjustment in voltage is achieved with a grounded wire to allow for regaining the balance back, 

such improving the common mode rejection. Impedance interface device is capable of

2 9



converting a current to a voltage [1], [52], An attenuator is included in the device to adjust the 

impedance associated with the output voltage by forming constant impedance and improving 

the received signal strength. Also, the weak signals that are sent and received are protected by 

shield cables to protect the current from being disturbed by noise especially with very low 

current (1 pA) and voltage (1 pV) that could be fed into the device.

Table 3.3. Specifications of the impedance interface device (1294 A).
Maximum input voltage 10V peak
Output resistance 50 a
Amplifier gain xl
Input resistance to ground >1 GO
Common mode range ±10 V

Figure 3.10. Impedance interface device (Model # 1294A, Solartron Analytical, Farnborough, 
U.K.).

3.2 Electrodes

Different surface electrode types were applied in this study. The applied electrodes used 

were pregelled wet surface silver/silver chloride (Ag/AgCl) electrodes (Model # FT002, MVAP 

II, Medical Supplies Inc., Newbury Park, CA, U.S.A.); that have a diameter of 1 cm (Figure 

3.11). Dry surface Orbital electrodes (Model # ORI F6 T, Orbital Research Inc, Cleveland, OH, 

U.S.A.), which have a diameter of 2.5 cm and penetrators (spikes) of a 150 pm length [55] 

(Figure 3.12) in addition to dry surface stainless steel (ST) electrodes (Model # EL12, 

Liberating Technologies, Inc (LTI), Holliston, MA, U.S.A.) which have a diameter of 1.42 cm 

and a height of 0.32 cm were also applied (Figure 3.13).
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(a) (b)
Figure 3.11. a) Ag/AgCl electrode (electrode’s snap side), b) Ag/AgCl electrode (electrode’s skin 

side).

(a) (b)

Figure 3.12. a) Orbital electrode (electrode’s snap side), b) Orbital electrode (electrode’s kin side).

(a) (b)

Figure 3.13. a) Stainless steel electrode (electrode’s snap side), b) Stainless steel electrode 
(electrode’s skin side).

3.2.1 Properties of Ag/AgCI Electrodes

Surface Ag/AgCl electrodes are the most common and favoured electrodes in clinical 

measurements for recording biological signals such as ECG, EMG and EEG [1], [2], [27], The 

preference of Ag/AgCl electrodes over many electrode types is due to their properties. One of 

the main advantages of using Ag/AgCl electrodes is the low noise level it generates during 

biological signals recording [10], [27]. Ag/AgCl electrodes generate low electrode-skin 

interface impedance [1], [22], [56], [57], [58], and lower electrode-skin interface impedance
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value than stainless steel electrodes [1], [18]. Ag/AgCl electrodes are considered as non- 

polarizable electrodes; the non-polarizable nature of Ag/AgCl electrodes allows the charges to 

cross the electrode-electrolyte interface [1], [2], [37].

3.2.2 Properties of Orbital Electrodes

Dry polarizable Orbital electrodes are made to last longer than the common clinical wet 

electrodes such as non-polarizable Ag/AgCl [55]. Orbital electrodes help to minimize the 

motion artifacts as the spikes at the electrode surface make tight contact with skin and, thus, 

prevent the movements of the electrode during the recording period [55]. Orbital electrode’s 

coat is made of a mixture of metals: silver/silver chloride, aluminum, gold/gold chloride, nickel 

and titanium [55]. The Orbital Research Inc. stated that the main advantages of applying Orbital 

electrodes are the elimination for the need for skin preparation and an electrolyte gel 

application during the biological signal recording period [55].

The shape of Orbital electrode makes it more in contact with the skin than the case with 

regular flat stainless steel or surface Ag/AgCl electrodes. This is due to the presence of 

penetrators (spikes) with a height off approximately 150 pm, which allow the Orbital electrode 

to penetrate deeper into the stratum comeum layer that dominates the skin’s surface and thus 

facilitates the pathways for biopotential through the skin to the Orbital electrode (Figures 3.12 

and 3.14) [31], [55]. Stratum comeum has a high resistance to biopotentials and to electrical 

current due to the presence of dead skin cells [1], [2], [24], [27]. The application of Orbital 

electrode can overcome this problem by the presence of spikes [31], [55].

32



Stratum
Comeum

Figure 3.14. Orbital electrode’s penetration into the skin layers during biosignal recording.

3.2.3 Properties of Stainless Steel Electrodes

Dry electrodes such as stainless steel electrodes are classified as polarizable electrodes 

[1], [18], [48]. Ragheb and Geddes [18] tested different electrode materials such as copper, 

rhodium, silver, palladium, aluminum and stainless steel. Their research was based on 

measuring the electrode-electrolyte interface impedance at frequencies range from 1 Hz -  

1 MHz. The results showed that aluminum electrode had the highest impedance followed by 

stainless steel electrode in a range of 30 -  75 kfi at low frequency range 100 Hz whereas 

copper and silver electrodes had the lowest impedance of about 10 kf2 at 100 Hz [18]. Ragheb 

and Geddes research [18] anticipated that the surface stainless steel electrodes would generate 

higher electrode-skin interface impedance than the other electrode’s types. Furthermore, 

polarizable electrodes such as surface stainless steel electrodes are known to be reusable 

electrodes due to their resistance to corrosion [ 1].

3.3 Data Collection

This study was reviewed and approved by Carleton University Research Ethics 

Committee, approval # 12-0350.
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Subject information, including height, weight and body mass index (BMI) are reported in each 

part of the study. Nine different subjects were participated in the study in which each 

experiment was conducted on five subjects and the same subject could participate in different 

experiments. The room temperature and humidity were recorded by digital thermo-humidity 

meter (Model # 91588CTC, Springfield, China) before conducting any measurements.

3.3.1 Electrodes Placement

Two electrodes from die same type were placed on the ventral side of the right forearm, 

spaced 7 cm apart, with the distal electrode approximately 11 cm from the wrist. This common 

configuration is used because the measured impedance would include the entire desired 

electrode-skin impedance value (Section 3.4) [1], [5]. It evaluates the effect of force on the 

whole electrode-skin impedance value. The electrodes were placed on a convenient place 

(ventral side of the right forearm) for better comfort when applied to subjects. Other 

configurations such as the four electrodes system is not applied in this study because it is used 

to measure the underling skin tissue impedance and not the entire electrode-skin impedance [1], 

[5],

3.3.2 Application of Force

Exerting an external force on electrodes sites was made through two clamps as stated in 

section 3.1.1. Different force levels were exerted on the electrodes sites to determine their 

impact on electrode-skin interface impedance measurements. The three force levels that were 

applied are as follow: 0 N (0 lb) (no externally applied force), 8.9 N (2 lb) and 22.2 N (5 lb). 

The application of an external force on electrodes sites was started at 0 N followed by
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an increase to 8.9 N and 22.2 N then, returning back to 8.9 N and 0 N in order to examine any 

hysteresis effect.

3.4 Electrode-Skin Impedance Circuit Model

The bioimpedance measurements were performed by applying two electrodes on the 

ventral side of the right forearm spaced 7 cm apart (section 3.3.1). Figure 3.15 is a schematic of 

the measured impedance, consisting of two electrode-skin interfaces and the impedance 

associated with the underlying tissue.

Body Electrode - Skin Interface

(Arm) Rdi

R»i HVVn Ehci
1

A/V—
| |

- 4II
Cdi

R.2 W Ehc2
1

A V -
| |

— 1(-
II

Cd2

Figure 3.15. The simplified schematic diagram for the electrodes system used in the study.

In order to determine the impedance associated with the electrode-skin interface, two 

assumptions are made: 1) the electrode-skin interfaces are identical for the two electrodes (i.e., 

Cd=Cdi=Cci2, Rd=Rdi=Rd2, and Rs=RSj=RS2), and 2 ) RtjSSUes is assumed to be negligible (i.e., 

Russues = 0). The first assumption is reasonable, if the two electrodes are the same (e.g., identical
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size, identical material, produced from the same manufacture). For the second assumption, the 

value of Rustics is generally small relative to the impedance value of the electrode-skin interface 

in the frequencies of interest (biosignals measurements is mainly contained in the low 

frequency region, generally below 500 Hz). The impedance value for healthy human arm’s 

tissue is found to be less than 500 Q. [12], while the impedance value for electrode-skin 

interface can be larger than 1 M fl [4]. If the electrode-skin impedance is high, the effect of 

Rtissues will be negligible. The effect of assuming Russues = 0 is that its contributions to the total 

measured impedance will be included in the Rs estimate (i.e., the estimate of Rs would be equal 

to Rs + Rtissues! 2 , where Russue is divided by two electrodes).

The following formula (3.2) is the impedance for the electrode-skin interface for a single

electrode.

Ze = Rs +  — ■ , (3.2)s 1+ j2Tt fC d  Rd v '

where f is the frequency (Hz).

3.4.1 MATLAB Implementation for Estimating Electrode Circuit 
Components values.

In this study, a least squares nonlinear curve fitting method is applied using MATLAB 

(MATLAB version 7.7, R2008b, MathWorks Inc., Massachusetts, U.S.A., 2008) to estimate the 

electrode circuit model components (Rs, R<j, and Ca) values. The complete MATLAB code is 

provided in Appendix A.I.

Least squares nonlinear curve fitting determines the optimized best fit impedance model, in 

terms of total square difference from the measured impedance values. Impedance has both real
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and complex values (3.2). Only the absolute value of the impedance is considered in this least 

squares nonlinear curve fitting method.

In order to determine the impedance values for a single electrode-skin’s site, the measured 

impedance values are divided by two, as there are two electrodes used in the measurements 

[48], [59]. The measured electrode-skin impedance values (Z) and the frequencies values (f) are 

provided by the bioimpedance measurement system. Curve fitting is performed in a logarithmic 

scale. The following code is used to convert the impedance and frequency into the log domain.

MATLAB Code:

LogF = loglO(f);

LogZ = loglO(Z);

The impedance function (3.2) is needed in least squares nonlinear curve fitting method to 

estimate the electrode circuit components values. The MATLAB code for the impedance

formula (3.2) is provided in the Appendix (Section A. 1.2).

An initial estimate for circuit model components values (Rs, Rd, and Cd) are needed to start the 

least squares curve fitting process.

The impedance value at high frequencies approaches the value of Rs [1], [5] (Section 2.5.1). 

The highest frequency measured in this study is at 1 MHz. Rs is initialized to the impedance

measured at 1 MHz, which is the last recorded impedance value.

MATLAB Code:

RsO = Z (length (Z) ) ,-
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At low frequencies, the impedance value approaches Rd + Rs (Section 2.5.1). The lowest 

frequency used in this study is 1 Hz. Using the initial Rs value, we can subtract it from the 

estimated value of Rs + Rd to obtain an initial estimate of Rd.

MATLAB Code:

RdO = (Z (1) - RsO) ;

Cd value can be determined from the comer frequency (Section 2.5.1). However, the comer 

frequency may be hard to determine. An initial arbitrarily value for Cd (1 nF) was chosen. 

MATLAB Code:

CdO = le-9;

Using the initial circuit components values (Rso, Rdo, and Cdo which are stored in the variable 

circuitParametero) and the impedance function (3.2), an optimal estimate for Rs, Rd, and Cd

values can be determined by applying the (lsqcurvef it) function.

MATLAB Code:

[curCircuitParameter, curResnorm] =

lsqcurvefit(@logElectrodeSkinImpedance,circuitParametero,logF,logZ, [0 

0 0],[inf inf inf]);

The lsqcurvefit function outputs the residual error (resnorm) associated with the estimated 

circuit components (Rs, Rd and Cd) values.

Least squares curve fitting can be sensitive to the initial value of Cdo and may result in finding 

local minima. To help avoid this, a brute force search is performed using alternative initial
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values of Cdo between 1 fF and 10 pF (100 initial values are chosen within this range, 

logarithmically spaced). For each iteration, the model with the lowest residual error is retained. 

MATLAB Code:

N = 100;

CdO = logspace(-15,-5,N); 

for i = 1;N 

Rs = RsO;

Rd = RdO;

circuitParametero = [Rs Rd CdO(i)];

[curCircuitParameter, curResnorm] =

lsqcurvefit (@logElectrodeSkinImpedance,circuitParametero,logF,logZ,

[0 0 0 ] , [inf inf inf]); 

if curResnorm < resnorm

circuitParameter = curCircuitParameter;

end

The least squares curve fitting method for estimating the electrode circuit model component 

values was validated (Appendix A.3).

3 9



4 Effect of Externally Applied Force on Electrode-Skin Impedance 
for Ag/AgCl Electrodes with and without Electrolyte Gel

4.1 Introduction

Surface silver/silver chloride (Ag/AgCl) electrodes are known as the “universal 

electrodes” for biological signals measurements [1], [37]. The use of surface Ag/AgCl 

electrodes is high due to their high quality performance in clinical measurements for recording 

biological signals, such as ECG, EMG and EEG. Ag/AgCl electrodes are considered non- 

polarizable electrodes [1], [2], [60] (see section 2.1 and section 3.2.1 for more information 

regarding non-polarizable electrodes and Ag/AgCl electrodes, respectively). Ag/AgCl 

electrodes measurements are generally performed with an electrolyte gel. The presence of an 

electrolyte gel reduces the electrode-skin interface impedance and motion artifacts [4], [12], 

[25], [33]. Electrolyte gel can penetrate into the skin through the pores that are located at the 

stratum corneum layer, hydrating the stratum corneum layer and providing a better conductive 

environment for the charges to be transferred to electrodes [2], [60]. It can also fill up the 

wrinkles that exist on the skin resulting in better electrodes contact with the skin and lower 

electrode-skin impedance [2], [12], [33]. The application of an electrolyte gel can help in 

reducing noise in biological signal recordings [1], [34], [61].

The purpose behind this study is to analyze the effect of an externally different applied 

force levels and electrolyte gel on electrode-skin impedance. An equivalent circuit model 

representing the electrode-skin interface is used in this analysis. Pregelled surface Ag/AgCl 

electrodes and Ag/AgCl electrodes without electrolyte gel are used in this study.

It is anticipated that the effect of an external force level on the electrode-skin impedance for 

pregelled Ag/AgCl electrodes to be marked by a decrease in electrode-skin impedance. The
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presence of electrolyte gel and the increase in contact strength between electrodes and skin 

(increase in contact area) would cause the decrease in impedance values [9], [33]. For electrode 

circuit components values, it is expected an increase in Cd values, a decrease in Rd values and a 

decrease in Rs values (Section 2.6). The increase in force level is anticipated to be associated 

with further decrease in electrode-skin impedance, further increase in Cd values and further 

decrease in Rd and Rs values and vice versa with the decrease in force level except Rs values 

will continue to decrease as sweat secretion will stay active.

The second part of this chapter is done to determine the reason behind the unexpected 

fluctuations in electrode-skin impedance obtained with pregelled Ag/AgCl electrodes. The 

second experiment is designed to follow the same exact procedures as in the first part, except 

without applying an electrolyte gel.

The anticipated results for the effect of an external force on the electrode-skin impedance for 

Ag/AgCl electrodes without electrolyte gel would be a decrease in electrode-skin impedance 

values and elimination for any fluctuations in impedance values. For electrode circuit 

components values, it is expected an increase in Cd values, a decrease in Rd values and a small 

decrease in Rs values since the sweat will be the only electrolyte to be present in these 

measurements.

4.2 Materials and Methods

The equipment and experimental setup used in this section are generally the same as 

described in chapter three. Additional materials and procedures used in this study are described 

in the following sections.
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4.2.1 Experimental Setup

Disposable, pregelled Ag/AgCl surface electrodes (Model # FT002, MVAP II, Medical 

Supplies Inc., Newbury Park, CA, U.S.A.), which have a diameter of 1 cm were used in the first 

part of the study (Figure 3.11). New pregelled Ag/AgCl surface electrodes were applied on 

every subject. In the second part of the study, the pregelled Ag/AgCl surface electrodes were 

modified to be used without electrolyte gel. The electrolyte gel was removed from the Ag/AgCl 

electrodes by rubbing the electrode’s surface with a fabric. New Ag/AgCl electrodes without 

electrolyte gel were applied on each subject. The schematic diagram of pregelled Ag/AgCl 

electrode-skin contact area is different from electrodes without electrolyte gel (Figure 3.10) 

used in this study due to the presence of an electrolyte gel (Figure 4.1).

Force SensorForce Sensor

* 7  r»m  *

Figure 4.1. Experimental setup using pregelled Ag/AgCl electrodes.

4.2.2 Data Collection

Information regarding the subjects in the pregelled Ag/AgCl and Ag/AgCl without 

electrolyte gel studies is contained in Table 4.1 and Table 4.2, respectively. Measurements were 

conducted on different days on the same subjects, except the fifth subject who is different in 

both studies. The formula applied for calculating the body mass index (BMI) can be found in
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appendix A. Skin preparation was not performed in this study. The room temperature and 

humidity were measured as 22°C and 32%, respectively.

Table 4.1. Information of sub ects in the pregelled Ag/AgCl electrodes study.
Subject Height

(cm)
Weight (kg) Body Mass Index Age Gender

Ag/AgCl-G-Sl 163 68 25.6 25 Male

Ag/AgCl-G-S2 174 78 26.1 28 Male

Ag/AgCl-G-S3 172 80 27.0 29 Male

Ag/AgCl-G-S4 168 65 22.9 29 Male

Ag/AgCl-G-S5 170 65 22.5 27 Male

Table 4.2. Information of subjects in the Ag/AgCl electrodes without electrolyte gel study.
Subject Height

(cm)
Weight (kg) Body Mass Index Age Gender

AgCl-No-G-Sl 163 68 25.6 25 Male

AgCl-No-G-S2 174 78 26.1 28 Male

AgCl-No-G-S3 172 80 27.0 29 Male

AgCl-No-G-S4 168 65 22.9 29 Male

AgCl-No-G-S5 175 67 21.9 24 Male

4.3 Results

4.3.1 Responses of Electrode-Skin Impedance to Externally Different 
Applied Force Levels for Pregelled Ag/AgCl Electrodes

Changes in electrode-skin impedance for all subjects were observed in response to applied 

forces (Figure 4.2). The general trend observed was a decrease in electrode-skin impedance 

with increasing force applied to electrodes sites, as observed for subjects Ag/AgCl-G-S3 to
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Ag/AgCl-G-S5. For subjects Ag/AgCl-G-S4 and Ag/AgCl-G-S5, the majority of the decrease 

occurred with the initial application of force (8.9 N -  6  min). A smaller decrease occurred when 

the force was increased (22.2 N) and the impedance remained relatively unchanged as the force 

was removed. Subject Ag/AgCl-G-S3, exhibited a similar trend, except for a small decrease in 

impedance that was observed when the force was initially decreased to (8.9 N -  18 min).

The results for subjects Ag/AgCl-G-Sl and Ag/AgCl-G-S2 were inconsistent. At low 

frequencies, the effect of a high force level (22.2 N) caused higher impedance for subject 

Ag/AgCl-G-S 1, while it caused lower impedance for subject Ag/AgCl-G-S2. At high 

frequencies, the effect of a high force level (22.2 N) caused lower impedance for subject 

Ag/AgCl-G-S 1, while it caused higher impedance for subject Ag/AgCl-G-S2.

For all subjects, the lowest impedance was observed when the force was removed from the 

electrodes sites (0 N -  24 min), except at high frequencies for Ag/AgCl-G-Sl. A hysteresis 

effect was present with all the subjects; the electrode-skin impedance at the beginning of the 

measurements (0 N -  0 min) was not the same as at the end of the measurements 

(0 N -  24 min), despite both having no externally applied force.
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Figure 4.2. Pregelled Ag/AgCl electrode-skin impedance frequency response to externally 
different applied force levels for the five subjects: (a) Ag/AgCl-G-Sl, (b) Ag/AgCl-G-S2, (c) 
Ag/AgCl-G-S3, (d) Ag/AgCl-G-S4 and (e) Ag/AgCl-G-S5. Times in parentheses indicate the 
approximate start time of the impedance measurement.
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4.3.2 Results of Equivalent Circuit Model Components Values for Ag/AgCl 
Electrode-Skin Interface under the Influence of an External Force and an 
Electrolyte Gel.

The estimated values for the electrode circuit model components (Q , R<i and Rs) are 

available in appendix B, Tables B .l, B.2 and B.3 for all subjects.

For Cd values, the general trend was an increase with force application and a further increase 

when the force was removed (Figure 4.4a). This behaviour was observed in all the subjects 

except for subject Ag/AgCl-G-Sl, who did not exhibit a change in Cd values when the force 

was applied, and subject Ag/AgCl-G-S2, where there was a sudden decrease in Cd value at 22.2 

N, which remained low when the force was decreased to 8.9 N. For all subjects, Cd values were 

at highest at the end of the force loading/unloading cycle (0 N -  24 min). The average 

percentage increase in Cd values across all subjects between initial state and final state was 

57.4% (Table 4.3), sample calculation for percentage changes of Cd is available in (Section 

A.5).

R d  values decreased with increasing force level in all subjects except an increase from 8.9 N 

to 22.2 N for subject Ag/AgCl-G-Sl (Figure 4.3b). A further decrease in R d values was 

observed as the force was removed, although the change in impedance was generally smaller as 

compared to the change observed when the force was applied. The lowest Rd values were 

observed at the end of the force loading/unloading cycle (0 N -  24 min). The average 

percentage decrease in Rd values across all subjects between initial state and final state was 

55.5% (Table 4.3). There was not a consistent trend observed for R s values during the force 

loading/unloading (Figure 4.3c).
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Figure 4.3. Pregelled Ag/AgCl electrode’s circuit model components values under the influence of 
force loading/unloading for the five subjects: (a) Cd, (b) Rd, and (c) Rs.
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Table 4.3. Percentage increases in circuit model components values between initial state and final 
state of measurement cycle for pregelled Ag/AgCl electrodes sites (values in brackets indicate a 
decrease). ____________________________________________________________ _________

Circuit
Model
Components

Subjects Average

Ag/AgCl-G-Sl Ag/AgCI-G-S2 Ag/AgCI-G-S3 Ag/AgC'l-G-S4 Ag/AgCI-G-S5

c d 11.7% 31.7% 32.0% 109.6% 102.1% 57.4%
Rd (28.0%) (69.5%) (76.4%) (54.8%) (48.6%) (55.5%)
Rs 0.2% 1.4% (9.4%) 1.6% (6.7%) (2.6%)

Rs values varied inconsistently among the subjects. A large change in Rs value was observed 

in subject Ag/AgCl-G-S2 at 22.2 N and 8.9 N (18 min). The average percentage decrease in Rs 

values across all subjects between initial state and final state was 2.6% (Table 4.3). Note that 

the estimate of Rs, includes any contribution from Rtissues (Section 3.4). As such, the percentage 

changes reported for estimated Rs will be smaller than the actual changes in Rs.

4.3.3 Responses of Electrode-Skin Impedance to Externally Different 
Applied Force Levels for Ag/AgCl Electrodes without an Electrolyte Gel

Noticeable changes in electrode-skin impedance for all subjects were observed in 

response to applied forces to Ag/AgCl electrodes without electrolyte gel (Figure 4.4). The 

general trend observed was a decrease in electrode-skin impedance with increasing force 

applied to electrodes sites. A large drop in electrode-skin impedance was observed after the 

addition of 8.9 N for all subjects (Figure 4.4). A smaller decrease occurred when the force level 

was increased to 22.2 N. The impedance remained relatively unchanged as the force level was 

decreased. For all subjects, the lowest impedance was observed when the force was removed 

from the electrodes sites (0 N -  24 min). A hysteresis effect was present with all the subjects; 

the electrode-skin impedance at the beginning of the measurements (0 N -  0 min) was different 

than at the end of the measurements (0 N -  24 min), despite both having no externally applied 

force.
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Figure 4.4. Ag/AgCl electrode-skin impedance frequency response to externally different applied 
force levels for the five subjects without electrolyte gel: (a) AgCl-No-G-Sl, (b) AgCl-No-G-S2, (c) 
AgCl-No-G-S3, (d) AgCl-No-G-S4 and (e) AgCl-No-G-S5. Times in parentheses indicate the 
approximate start time of the impedance measurement.
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4.3.4 Results of Equivalent Circuit Model Components Values for Ag/AgCl 
Electrode-Skin Interface without Electrolyte Gel under the Influence of an 
External Force.

The results showed an increase in Cd values with increasing force levels (Figure 4.5a). A 

further increase was observed when the force was reduced from 22.2 N to 8.9 N, but no change 

when the force was further reduced to 0 N, except for subject AgCl-No-G-S4, where no change 

was observed when the force was reduced from 22.2 N to 8.9 N and a decrease in Cd value 

occurred when the force was further reduced to 0 N. The average percentage increase in Cd 

values across all subjects between initial state and final state was 1207.6% (Table 4.4).

The sharp decrease in Rd values occurred after the addition of the first force level 8.9 N on 

electrodes sites and it continued to decrease at higher force level 22.2 N (Figure 4.5b). The low 

Rd values were relatively maintained during force unloading, except for an increase when the 

force was reduced from 8.9 N to 0 N in subjects AgCl-No-G-S3 and AgCl-No-G-S4. The 

average percentage decrease in Rd values across all subjects between initial state and final state 

was 85% (Table 4.4).

A steep decrease in Rs values occurred after the addition of the first force level 8.9 N on 

electrodes sites for subjects AgCl-No-G-Sl to AgCl-No-G-S3 (Figure 4.5c); Rs values 

decreased slightly as force was further increased and then removed. Rs values remained 

relatively unchanged for subject AgCl-No-G-S4 and AgCI-No-G-S5 during the force 

loading/unloading cycle. The average percentage decrease in Rs values across all subjects 

between initial state and final state was 54% (Table 4.4).
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Figure 4.5. Ag/AgCl without electrolyte gel electrode’s circuit model components values under the 
influence of different force levels for the five subjects, (a) Cd, (b) Rd and (c) Rs.
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Table 4.4. Percentage increases in circuit model components values between initial state and final 
state of measurement cycle for Ag/AgCl electrodes sites without electrolyte gel, (values in brackets 
indicate a decrease).__________________________________________________________________

Circuit
Model

Components

Subjects Average

AgCI-No-G-SI AgC’l-No-G-S2 AgCI-No-G-S3 AgCI-No-G-S4 AgCI-No-G-S5

c d 2132.5% 1933.1% 1742.7% 26.6% 199.1% 1206.8%
Rd (97.1%) (90.3%) (84.9%) (77.8%) (74.8%) (85.0%)
Rs (83.2%) (73.2%) (86.3%) (9.0%) (18.2%) (54.0%)

4.4 Discussion

As explained in section 2.6, a decrease in electrode-skin impedance was anticipated with 

increasing force [43]. Electrolyte gel has the ability to adapt to the skin’s surface by filling up 

the skin wrinkles, enhancing the electrode-skin contact area and thus lowering electrode-skin 

impedance [2], [4], [25], [38], [39]; an applied force could result in such redistribution of 

electrolyte gel. This redistribution of electrolyte gel could remain, even when the applied force 

is removed; this is consistent with the sustained decrease in electrode-skin impedance that was 

observed. Moreover, exerting a force on the electrodes sites could result in more secretion of 

sweat, which could also be attributed to a decrease in electrode-skin impedance [62], The 

hypothesis of an increase in contact strength between electrodes and skin, such increasing in 

effective electrode contact area is consistent with the increase in Cd values (section 2 .6 .1) and 

decrease in Rd values (section 2.6.2) that observed for Ag/AgCl with and without electrolyte 

gel. A decrease in the distances that separate the skin layers caused by the applied force could 

attribute to the observed increase in Cd values (section 2 .6 .1).

Results for subjects Ag/AgCl-G-Sl and Ag/AgCl-G-S2 were unexpected. Exerting a large force 

on the electrodes sites could result in the electrolyte gel being redistributed away from the 

electrodes sites, which would result in a higher impedance level. In [43], such redistribution
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was used to explain an increase in electrode-skin impedance, observed in recessed electrodes 

that employed electrolyte gel. It was hypothesized in these results that the electrolyte gel was 

redistributed from underneath the electrode, due to the applied force, which led to the increased 

electrode-skin impedance. The fluctuations in Rs values in Figure 4.3c would support this 

hypothesis, as Rs is associated with the impedance of the electrolyte gel. The decrease in Cd 

value that was occurred for subject Ag/AgCl-G-S2 at 22.2 N can be associated with the 

electrolyte gel being redistributed away from electrode-skin contact area (Figure 4.3a).

As already indicated, increased sweat activity could account for decreases in impedance 

[62]. Sweat activity varies among subjects, which could help explain the observed 

inconsistencies, as that was apparent to be a result of other differences among subjects (e.g., 

skin type). For Ag/AgCl electrodes without electrolyte gel, a redistribution of electrolyte gel 

away from the electrodes sites is not possible, which could explain why these results were more 

consistent across subjects.

The initial electrode-skin impedance values for pregelled Ag/AgCl electrodes were lower 

than Ag/AgCl electrodes without electrolyte gel. As expected, exerting a force of 8.9 N on 

Ag/AgCl electrodes without electrolyte gel had decreased the electrode-skin impedance by a 

larger amount compared to pregelled Ag/AgCl electrodes. The force likely causes the Ag/AgCl 

electrodes without electrolyte gel to be in better contact with skin. Increasing the force level to 

22.2 N improved the electrode-skin contact area, thus resulting in a further decrease in 

electrode-skin impedance [9], [42], [43],

The impedance did not return to initial value when force was removed from electrodes sites 

(0 N- 24 min). The reasons behind this hysteresis effect could be attributed to the long term 

effect of force on skin deformation, sweat accumulation with time and electrode settling
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(section B2). Skin deformation causes the separation distance between the double layer charge 

that formed between electrodes and skin (section 2 .6 ) to stay small until the skin retains back to 

its original state. The results in Figure 4.5 and (Appendix B) show relatively stable values for 

Cd, Rd and Rs at 0 N-24 min. For Ag/AgCl electrodes without electrolyte gel, the elapsed time 

and force could have resulted in sweat under the electrodes, which would behave similar to 

electrolyte gel; this would explain why the long terms effects were similar to Ag/AgCl 

electrodes with electrolyte gel. This is also consistent with the larger decreases in Rs observed 

for subjects AgCl-No-G-Sl to AgCl-No-G-S3 when the initial force of 8.9 N was applied 

(Figure 4.5c); these subjects also exhibited the largest decreases in electrode-skin impedance 

when the initial force of 8.9 N was applied (Figure 4.4). The sharp decrease in Rs values could 

indicate the introduction of sweat under the electrodes.

Rs values did not decrease below 200 Q when a high force level (22.2 N) was applied to the 

Ag/AgCl electrodes sites with or without electrolyte gel, for all the subjects (Figures 4.5c and 

4.3c). The estimated value of Rs might not have decreased below 200 Q with higher force 

levels because of the contributions of the impedance of underlying skin tissue, which are 

included in the estimated values of Rs (Section 3.4); that is, RtiSSues is responsible for a fixed 

impedance value within the Rs estimate. Large decreases in the Rs estimate are associated with 

actual decreases in Rs rather than changes in Russues- If there was a large effect from the applied 

force on Russues, these would have been observed as the force level was increased and later 

decreased.

Electrode settling would decrease electrode-skin impedance with time [45]; however, its 

effect is slow and cannot be accounted for the observed decreases alone. The results showed in
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(Section B.2) that the long term effect of force on decreasing the electrode-skin impedance was 

stronger than the electrode settling effect.

4.5 Conclusion

The application of an external force causes a decrease in electrode-skin impedance. 

Decreases in electrode-skin impedance were relatively small for Ag/AgCl electrodes with 

electrolyte gel compared to Ag/AgCl electrodes without electrolyte gel; this is primarily due to 

the initial impedance of Ag/AgCl electrodes being much lower when electrolyte gel was 

present. Decreases in electrode-skin impedance remained even as the force was removed from 

electrodes sites. Exerting high force level on electrodes using electrolyte gel could result in 

fluctuations in electrode-skin impedance due to the electrolyte gel being redistributed away 

from the electrode site, which was not expected in this study. The fluctuations in Rs values in 

Figure 4.3c that reflect the resistance of electrolyte gel and the similar reported fluctuations in 

impedance values during force application to pregelled Ag/AgCl electrodes [43] would support 

the findings of this study. The observed increase in Cd values and decrease in Rd and Rs values 

are an indication of the influence of force on their values, and it is consistent with the stated 

hypothesis of this study.
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5 Effect of Externally Applied Force on Electrode-Skin Impedance 
for Dry Electrodes

5.1 Introduction

Dry electrodes benefit from the formation of sweat on the skin’s surface to lower the 

electrode-skin interface impedance and to improve biological signals measurements [32], [63]. 

Dry electrodes are sometimes the comfort choice for patients who have sensitive skin and may 

develop skin irritation after applying electrolyte gel to their skins. Dry electrodes, however, are 

weakly attached to skin; hence they can be easily affected by motion artifacts [32], [63].

The objective behind this study is to analyze the effect of an externally different applied 

force levels on electrode-skin impedance. An equivalent circuit model representing the 

electrode-skin interface is applied in this analysis. Two types of dry electrodes (Orbital and 

stainless steel electrodes) are used in this study.

It is anticipated that the effect of external force on the electrode-skin impedance for dry 

electrodes to be marked by a decrease in electrode-skin impedance. The increase in contact 

strength between electrodes and skin (increase in contact area) would cause the decrease in 

impedance values [9]. Orbital electrodes are expected to have larger decrease in impedance 

than stainless steel electrodes due to the spikes of Orbital electrodes that could penetrate the 

highly resistant skin layer (startum corneum). For electrode circuit components values, it is 

expected an increase in Q  values (Section 2.6), a decrease in Rj values and a decrease in Rs 

values as a reflection of formation of sweat with time. The increase in force level is anticipated 

to be associated with further decrease in electrode-skin impedance, further increase in Cd
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values and further decrease in Rd and Rs values and vice versa with the decrease in force level 

except Rs values will continue to decrease as sweat secretion will stay active.

5.2 Materials and Methods

5.2.1 Experimental Setup

The equipment and experimental setup used in this section are generally the same as 

described in chapter three. Additional materials and procedures used in this study are described 

in the following sections.

5.2.2 Dry Electrodes

5.2.2.1 Orbital Electrodes

Orbital electrodes (Model # ORI F6 T, Orbital Research Inc., Cleveland, OH, U.S.A.), 

which have a diameter of 2.5 cm and penetrators (spikes) of a 150 pm length are used in this 

study (Figure 3.12). The Orbital electrodes properties are described in section 3.2.2. An 

adhesive tape was used to affix the Orbital electrode to the skin. The same Orbital electrodes 

were used on all subjects. Orbital electrodes were washed with water and dried off before 

conducting any new set of measurements. The schematic diagram of Orbital electrode-skin 

contact area is different from other electrodes (Figure 3.10) used in this study (Figure 5.1); the 

difference is due to the presence of spikes, which may penetrate into the upper layers of the 

skin.
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Figure 5.1. Experimental setup using Orbital electrodes.

5.2.2.2 Stainless Steel Electrodes

Stainless steel (ST) electrodes (Model # ELI2, Liberating Technologies Inc, (LTI), 

Holliston, MA, U.S.A.) which have a diameter of 1.5 cm (Figure 3.13) were used. The Stainless 

steel electrodes properties are described in section 3.2.3. An adhesive tape was used to affix the 

stainless steel electrode to the skin. The same stainless steel electrodes were used on all 

subjects. Stainless steel electrodes were washed with water and dried off before conducting any 

new set of measurements. The schematic diagram of the experimental set up for stainless steel 

electrode is identical to Figure 3.10.

5.2.3 Data Collection

In this study, measurements were conducted on five subjects. Information regarding the 

subjects is contained in Table 5.1 and Table 5.2, respectively. Measurements were conducted 

on the same subjects, for both electrode types, on different days. The first and second subjects 

are different than in the application of Ag/AgCl electrodes with and without electrolyte gel 

(chapter 4). Skin preparation was not performed in this study. The room temperature and 

humidity were 23°C and 31%, respectively.
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Table 5.1. Information of subjects in the Orbital electrodes study.
Subject Height (cm) Weight (kg) Body Mass Index Age Gender

Orbital-Sl 158 67 26.8 25 Male

Orbital-S2 180 90 27.8 64 Male

Orbital-S3 172 80 27.0 29 Male

Orbital-S4 168 65 22.9 29 Male

Orbital-S5 170 65 22.5 27 Male

Table 5.2. Information of subjects in the stainless steel (ST) electrodes study.
Subject Height (cm) Weight (kg) Body Mass Index Age Gender

ST-S1 158 67 26.8 25 Male

ST-S2 180 90 27.8 64 Male

ST-S3 172 80 27.0 29 Male

ST-S4 168 65 22.9 29 Male

ST-S5 170 65 22.5 27 Male

5.3 Results

5.3.1 Responses of Electrode-Skin Impedance to Externally Different Applied 

Force Levels for Orbital Electrodes

The results obtained from the subjects showed a decrease in electrode-skin impedance 

with response to the external force applied to Orbital electrodes sites (Figure 5.2). The general
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trend observed was a decrease in electrode-skin impedance with increasing force applied to 

electrodes sites.

The initial application of force (8.9 N) on Orbital electrodes sites caused a large decrease in 

impedance to all subjects. A further decrease in impedance values was observed as the force 

level was increased to 22.2 N for all the subjects except subject Orbital-S2, where the 

impedance was mainly unchanged.

As the force level was decreased from 22.2 N to 8.9 N, the impedance remained unchanged 

for subjects Orbital-Sl, Orbital-S2 and Orbital-S5: subject Orbital-S3 exhibited a slight 

decrease in impedance and subject Orbital-S4 exhibited a slight increase in the lower 

frequencies.

For all subjects, the electrode-skin impedance increased when force was removed from the 

electrodes sites (0 N - 24 min); however, the electrode-skin impedance remained lower than 

initial level (0 N - 0 min).
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Figure 5.2. Orbital electrode-skin impedance frequency response to externally different applied 
force levels for the five subjects: (a) Orbital-Sl, (b) Orbital-S2, (c) Orbital-S3, (d) Orbital-S4 and 
(e) Orbital-S5. Times in parentheses indicate the approximate start time of the impedance 
measurement.
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5.3.2 Results of Equivalent Circuit Model Components Values for Orbital
Electrode-Skin Interface under the Influence of an External Force

The estimated values for the electrode circuit model components (Q , Rd and Rs) are 

available in appendix C, Tables C .l, C.2 and C.3 for all subjects.

Cd values were sharply increased with the initial application of force (8.9 N) for all the 

subjects (Figure 5.3a). Cd values continued to increase at higher force level (22.2 N) for all the 

subjects except subject Orbital-S2 who exhibited relatively static Cd value. Cd values remained 

relatively unchanged, when the force was reduced from 22.2 N to 8.9 N. Cd values decreased 

when the force was removed from the electrodes sites (0 N -  24 min). The average percentage 

increase in Cd values across all subjects between initial state and final state (0 N- 24 min) was 

669% (Table 5.3).

Rd values in all subjects decreased when force was applied to Orbital electrodes sites 

(Figure 5.3b). Rd values dropped at first force level (8.9 N) and continued to drop at high force 

level (22.2 N). Rd values remained relatively unchanged when the force was reduced from 22.2 

N to 8.9 N. Rd values increased after the force was removed from the electrodes sites. The 

average percentage decrease in Rd values across all subjects between initial state and final state 

was 59.4% (Table 5.3).

Rs values were sharply decreased when the first force level (8.9 N) was applied on 

electrodes sites for subjects Orbital-Sl and Orbital-S3 to Orbital-S5 (Figure 5.3c). Rs value 

remained generally steady for subject Orbital-S2. The third subject, Orbital-S3 had the largest 

decrease in Rs value at the first force level (8.9 N).
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Figure 5.3. Orbital electrode’s circuit model components values under the influence of force
loading/unloading and skin preparation for the five subjects (a) Cd, (b) Rj and (c) Rs.
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Rs values did not change when the force level was increased to 22.2 N and remained relatively 

stable when the force was removed from the electrodes sites, except for subject Orbital-S 1 who 

exhibited an increase in Rs value when the force was decreased from 8.9 N to 0 N. The average 

percentage decrease in Rs values across all subjects between initial state and final state was 

44.9% (Table 5.3).

Table 5.3. The percentage increases in circuit model components values between initial state and 
final state of measurement cycle for Orbital electrodes sites, (values in brackets indicate 
a decrease). _____________________________________________________________ _______

Circuit
Model
Components

Subjects Average

O rb ita l-S l O rb ita l-S 2 O rhitaJ-S3 O rb ita l-S 4 O rb ita l-S 5

c d 138.5% 6.7% 2180.0% 641.9% 377.8% 669.0%
Rd (55.1%) (29.2%) (95.4%) (66.2%) (51.0%) (59.4%)
Rs (12.7%) 1.2% (80.4%) (69.1%) (63.5%) (44.9%)

5.3.3 Responses of Electrode-Skin Impedance to Externally Different 
Applied Force Levels for Stainless Steel Electrodes

A decrease in electrode-skin impedance for all subjects was observed in response to 

applied forces on stainless steel electrodes (Figure 5.4). A marked decrease in impedance was 

observed as the applied force was increased from (0 N) to (8.9 N) in all subjects. A smaller 

decrease in impedance was observed as the force was increased to 22.2 N. As the force was 

decreased (8.9 N), the impedance remained relatively unchanged for all subjects. When the 

force was removed (0 N - 24 min), the impedance remained relatively unchanged or increased 

in the lower frequencies, but did not return to the original impedance value as measured in the 

initial state (0 N - 0 min). A hysteresis effect was present with subjects ST-S2, ST-S4 and ST- 

85; the electrode-skin impedance at the beginning of the measurements (0 N -  0 min) was not 

the same as at the end of the measurements (0 N -  24 min).
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Figure 5.4. Stainless steel electrode-skin impedance frequency response to externally different 
applied force levels for the five subjects: (a) ST-S1, (b) ST-S2, (c) ST-S3, (d) ST-S4 and (e) ST-S5. 
Times in parentheses indicate the approximate start time of the impedance measurement.
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5.3.4 Results of Equivalent Circuit Model components values for Stainless
Steel Eleetrode-Skin Interface under the influence of an External Force.

The increase in Cd values occurred under the influence of force on stainless steel 

electrodes sites for all the subjects (Figure 5.5a). Cd value was highly increased after applying 

the first force level (8.9 N) to the electrodes sites and continued to increase at higher force level 

(22.2 N) for all subjects.

Cd values tended to be stable at 0 N -  24 min, as the force was subsequently removed from 

the electrodes sites for all subjects, except for subject ST-S4 who exhibited a decrease in Cd 

value. The average percentage increase in Cd values across all subjects between initial stage and 

final state (0 N- 24 min) was 1535.8% (Table 5.4).

The decrease in Rd values in response to force occurred for all the subjects (Figure 5.5b). 

A large decrease in Rd values was observed when the first force level (8.9 N) was exerted on 

the electrodes sites. A smaller decrease in Rd values occurred with exerting higher force level 

(22.2 N) on electrodes sites. Rd values were stable in most of the subjects when the force level 

was returned back to 0 N, except for subjects ST-S1 and ST-S3 who exhibited an increase in Rd 

values when the force was decreased from 8.9 N to 0 N. The average percentage decrease in Rd 

values across all subjects between initial stage and final state was 78.8% (Table 5.4).

Rs values decreased sharply at first force level (8.9 N) for all subjects (Figure 5.5c). Rs 

values tended to be stable after the first force level was exerted on electrodes sites and as the 

applied force was further increased and then removed. The average percentage decrease in Rs 

values across all subjects between initial stage and final state was 53.5% (Table 5.4).
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Figure 5.5. Stainless steel electrode’s circuit model components values under the influence of force
loading/unloading and skin preparation for the five subjects (a) Cd , (b) Rd and (c) Rs.
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Table 5.4. The percentage increases in circuit model components values between initial state and 
final state of measurement cycle for stainless steel electrodes sites, (values in brackets indicate 
a decrease)._______________________________________________________________________

Circuit
Model
Components

Subjects Average

ST -S l ST-S2 ST-S3 ST-S4 ST-S5

c d 964.9% 274.0% 6023.1% 239.4% 177.5% 1535.8%
Rd (90.7%) (81.1%) (99.0%) (55.4%) (67.7%) (78.8%)
Rs (45.4%) (51.0%) (76.0%) (72.0%) (22.8%) (53.5%)

5.4 Discussion

The results for stainless steel electrodes appeared to have some differences in electrode- 

skin impedance in comparison to Orbital electrodes. Stainless steel electrodes are different in 

their shape and metal properties than Orbital electrodes. Orbital electrodes are designed to 

overcome the effect of highly resistant skin layer (stratum comeum) by the presence of spikes 

[31], [55]. Stainless steel electrodes are flat dome electrodes that do not penetrate into the skin 

surface and they are made of highly polarizable metal [1], [18], [57].

Exerting a force of 8.9 N on Orbital and stainless steel electrodes sites caused the 

impedance value to be much lower compared to 0 N -  0 min. It resulted in enlarging the 

electrode-skin contact area and thus lowering impedance value [9], [43]. Moreover, secretion of 

sweat could result from exerting a force on the electrodes sites, which could cause a decrease in 

electrode-skin impedance value [62], In the absence of electrolyte gel in dry electrodes 

applications, the addition of sweat would act similar to electrolyte gel and would be associated 

with a large decrease in electrode-skin impedance. The effect of high force level 22.2 N was 

more noticeable on Orbital electrodes sites (Figure 5.2) than stainless steel electrodes (Figure 

5.4) potentially due to the presence of spikes. Adding more force on Orbital electrodes would 

allow the spikes to penetrate further into the skin’s surface.
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The hysteresis effect was observed when the force was removed from Orbital and stainless 

steel electrodes sites at 0 N- 24 min (Figure 5.4) as the impedance did not return back to the 

initial state.

This hysteresis effect could be a result of the long term effect of force on skin deformation, 

sweat accumulation with time and electrode settling (section B2) [45], Skin deformation causes 

the separation distance between the double layer charge that formed between electrodes and 

skin (section 2 .6 ) to stay small until the skin retains back to its original state.

The components of electrode circuit model Cd, Rd and Rs were heavily influenced by the 

strong contact between the dry electrode and the skin. An increase in electrode-skin contact 

area, caused by an applied force, would result in an increase in Cd values and a decrease in Rd 

values. Larger contact area is associated with higher capacitance value according to the 

parallel-plate capacitor's formula (section 2.6.1). The decrease in Rd values can be attributed to 

an increase in electrode-skin contact area; larger cross-sectional area is associated with lower 

resistance according to resistance of a conductor's formula (section 2.6.2) [9], [43]. In addition, 

as the distance that separates the skin layers becomes smaller by an applied force, the 

capacitance value increases.

As the applied force was removed from Orbital electrodes sites, a decrease in Cd values and 

an increase in Rd values were observed; a reduction in electrode-skin contact area could be 

formed as the contact between the spikes of Orbital electrodes and skin became weaker, so the 

area between the spikes would lose contact with the skin. Stainless steel electrodes, which do 

not have spikes, did not exhibit this decrease in Cd nor increase in Rd in comparison to the 

Orbital electrodes.
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A large decrease in Rs values in Orbital and stainless steel electrodes was observed with the 

initial application of force. This is attributed to improved contact between the electrode and 

skin, established by the applied force. This hypothesis is substantiated as the estimated Rs 

values remained relatively unchanged as the force level was further increased and later 

decreased. The absolute change in the estimate of Rs is attributed to actual changes in Rs and 

not to Rtissses- If there were changes in R^ues values, then these changes would have been 

observed as the force level was further increased and decreased, which was not observed here 

(or in Section 4.3.4).

Despite the presence of spikes in Orbital electrodes, which could penetrate the highly 

resistant skin layer (stratum comeum) into the underlying skin tissue [31], [55], Rs values did 

not decrease below a 100 Q when a high force level (22.2 N) was applied to Orbital electrodes 

sites for all the subjects (Figure 5.3c). The Rs values also did not decrease below 300 Q  when a 

high force level (22.2 N) was applied to stainless steel electrodes sites for all the subjects 

(Figure 5.5c). The estimated value of Rs might not have decreased below a 100 Q for Orbital 

electrodes or below 300 Q, for stainless steel electrodes with high force levels because of the 

contributions of the impedance of underlying skin tissue, which are included in the estimated 

values of Rs. The explanation is the same as given in Section 4.4.

The effect of applied force on electrode-skin impedance for Ag/AgCl electrodes without 

electrolyte gel (Section 4.3.3) were similar to the dry electrodes examined in this study. 

Electrode-skin impedance changes for Ag/AgCl electrodes without electrolyte gel were more 

like stainless steel electrodes; this is potentially because both of these electrodes do not have 

spikes like the Orbital electrodes, so less change in electrode-skin impedance when force is 

removed. The response of electrode-skin impedance to external force with dry electrodes was
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quite consistent between subjects unlike Ag/AgCl electrodes with electrolyte gel (chapter 4). 

This further substantiates that the inconsistent behavior observed for Ag/AgCl electrodes with 

electrolyte gel could be attributed to the electrolyte gel and the hypothesis that it was 

redistributed away from the electrodes sites under high force levels.

5.5 Conclusion

The effect of an external force on dry electrodes sites is found to decrease the electrode- 

skin impedance as hypothesised. Electrode-skin impedance is sensitive to the application of 

force when dry electrodes are applied. A large drop in electrode-skin impedance occurred after 

the application of first force level. The decrease in electrode-skin impedance was maintained 

even after the force was removed. This implies that when using dry electrodes, ensuring an 

initial force is applied will help achieve lower impedance in long term. Orbital electrodes have 

lower electrode-skin impedance than stainless steel electrodes when an external force is 

maintained on electrodes. These spikes can penetrate into the upper layers of the skin, such 

providing a good electrode-skin contact; however, without force, the strength of electrode-skin 

contact can become weak as the areas between the spikes and skin may lose contact. This 

behaviour is observed in Figure 5.3b as there is an increase in Rd values at 0 N- 24 min with all 

the participated subjects (five subjects).
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6 Effect of Repeated Force Loading/Unloading on Electrode-Skin 
Impedance for Pregelled Ag/AgCl Electrodes with Skin Preparation

6.1 Introduction

One of the main sources that cause impairment to biological signal is the high electrode- 

skin impedance and noise [1], [2], [64], [65], Reducing electrode-skin impedance and noise 

associated with biological signals measurements is a crucial measure in health care sector in 

which reliable medical information can be extracted. The appropriate skin impedance for 

recording biological signals, such as ECG, EEG, and EMG is around 5 kQ [64], [65]. 

Techniques that can be employed to achieve low electrode-skin impedance include: skin 

preparation, the use of non-polarizable electrodes and the use of electrolyte gel [1], [2]. The 

efficiency of these techniques needs to be examined under the effect of repeated force 

loading/unloading that may face modem wearable sensor technologies for monitoring 

biological signals. For example, electrodes integrated in a stretchable material (e.g., spandex) 

would have experience varying applied force levels due to changing in anatomical size (e.g., 

due to a muscle contraction, due to respiration). In this study, measurements conditions for 

biological signals in wearable sensor technologies are mimicked, by employing a skin 

preparation protocol, using pregelled Ag/AgCl surface electrodes, ensuring that the initial 

electrode-skin impedance value is around 5 - 1 0  kQ. Repeated loading/unloading of a low force 

level (5 N) is applied to the electrodes sites. This study differs from the previous studies 

(chapters 4 and 5), as skin preparation is employed and applying repeated loading/unloading of 

a fixed low force level (5 N) is applied to the electrodes sites. In the previous study, there was a 

gradual increase and decrease in force levels (0 -  22.2 N). No skin preparation was performed 

in the previous study, which would better represent the initial application of a wearable system.
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With sufficient time, electrode settling would like result in a large decrease in electrode-skin 

impedance; the electrode settling effect is reduced (or removed) by skin preparation.

The objective behind this study is to analyze the effect of repeated loading/unloading of 

low fixed force level (5 N) on electrode-skin impedance. An equivalent circuit model 

representing the electrode-skin interface is used in this analysis. Pregelled surface Ag/AgCl 

electrodes and skin preparation are applied in this study.

It is anticipated that the initial electrode-skin impedance values to be low with skin 

preparation. The effect of repeated application of force loading/unloading of a fixed light force 

level (5 N) on the electrode-skin impedance for pregelled Ag/AgCl electrodes sites to be a 

small decrease with force loading and a small increase with unloading state. For electrode 

circuit components values, it is expected a small increase in Cd values with force loading and a 

small decrease with the unloading state (Section 2.6). A small decrease in Rd values with force 

loading and small increase with unloading state. Initial Rs values are expected to be low with 

the presence of electrolyte gel and to decrease with force loading with the formation of sweat. It 

is expected to be a small increase in Rs values with unloading state with some fluctuations as 

occurred with pregelled Ag/AgCl in chapter 4.

6.2 Impact of Skin Preparation on Electrode-Skin Impedance

The main target of skin abrasion is the removal of top skin layers. The skin is mainly 

composed of three major layers; epidermis, dermis and hypodermis or subcutaneous layer [30]. 

The first layer of the skin is epidermis and it has the following layers: 1) stratum corneum 2) 

stratum lucidum, 3) stratum granulosum, 4) stratum spinosum and 5) stratum basale [28], [30], 

Stratum corneum is the outermost layer of the skin and has a depth of about 9 -19 pm [28]. The 

stratum corneum is primarily made up of dead dry skin cells. The dryness of the stratum
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corneum represents an electrical obstacle for biological signals to be fully detected through 

surface electrodes [12], [33], [34], [6 6 ], [67].

A sharp decrease in electrode-skin impedance can be achieved when the stratum corneum 

is removed [11], by allowing the surface electrodes to be placed on a better part of the 

epidermis that has more living skin cells and body fluid [12], [33], [34], [6 6 ], [67], Skin 

preparation often includes some form of skin abrasion that removes the stratum corneum or 

parts of it. Furthermore, skin abrasion could also remove the residues on the skin’s surface and 

the traces of oil that impose noise to biological signals and high impedance values [1], [40], 

[6 8 ], Thus, skin preparation is a practical way to reduce electrode-skin impedance and noise 

associated with biological signals [11], [13], [23], [40], [6 8 ], [69],

6.3 Materials & Methods

The equipment and experimental setup used in this section are generally the same as 

described in chapter three. However, some additional materials and procedures used for 

performing skin preparation are described in the following sections.

6.3.1 Experimental Setup

Skin preparation was performed by applying Nuprep Skin Prep Gel (Model # 10-30, 

Weaver and Company, Aurora, Colorado, U.S.A.) to the skin to remove the stratum corneum 

layer followed by rubbing the skin’s site with a piece of fabric. The skin’s surface was then 

cleaned with an alcohol swab (Model # 326895, BD, Becton Dickinson, ON, Canada) in order 

to remove oily residues from the skin’s surface and to clean up the electrodes sites. 

Skin preparation was performed before conducting measurements to reduce the electrode-skin 

impedance level to near 5 kQ -10 kO matching the acceptable impedance level for ECG and 

EMG measurements. Disposable pregelled Ag/AgCl surface electrodes (Model # FT002,
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MVAP II, Medical Supplies Inc., Newbury Park, CA, U.S.A.) which have a diameter of 1 cm 

were used in this study (Figure 3.11). New pregelled Ag/AgCl surface electrodes were used on 

every subject. Impedance measurements were performed by conducting subsequent force 

loading/unloading with 0 N (no externally applied force) and 5 N (equivalent to applying a 

weight of 1 .1 2  lb).

6.3.2 Data Collection

Information regarding the subjects in this study is contained in Table 6.1. All the subjects 

are the same as in previous study (Chapter 4) except the first subject is different. The room 

temperature and humidity were 24°C and 39%, respectively. The schematic diagram of the 

experimental set up is the same as in Figure 4.1.

Table 6.1. Information of subjects performed skin preparation in the pregelled Ag/AgCl
electrodes stu< y-

Subject Height (cm) Weight (kg) Body Mass Index Age Gender

AgCl-SP-Sl 181 75 22.9 28 Male

AgCl-SP-S2 174 78 26.1 28 Male

AgCl-SP-S3 172 80 27.0 29 Male

AgCl-SP-S4 168 65 22.9 29 Male

AgCl-SP-S5 170 65 22.5 27 Male

6.4 Results

6.4.1 Responses of Electrode-Skin Impedance to Repeated Force 
Loading/Unloading and Skin Preparation for Pregelled Ag/AgCl Electrodes
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Figure 6.1. Pregelled Ag/AgCl electrode-skin impedance frequency response to externally 
different applied force levels and skin preparation for the five subjects, (a) AgCl-SP-Sl, (b)AgCl- 
SP-S2, (c) AgCl-SP-S3, (d) AgCl-SP-S4 and (e) AgCl-SP-S5. Times in parentheses indicate the 
approximate start time of the impedance measurement.
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The changes in electrode-skin impedance for all subjects were observed in response to force 

loading/unloading (Figure 6.1). The results were consistent across subjects. A decrease in 

electrode-skin impedance was observed with force application. Electrode-skin impedance level 

increased at low frequencies when the force was removed from electrodes sites, but remained 

lower than the initial state (0 N -  0 min) and tended to return to their initial state at high 

frequencies. Electrode-skin impedance at the first force loading/unloading cycle (0 min -  6  

min) was higher than the second (12 min -  18 min) and third (24 min -  30 min) cycles.

6.4.2 Results of Equivalent Circuit Model Components Values for Ag/AgCl 
Electrode-Skin Interface under the Influence of Repeated Force 
Loading/Unloading, Skin Preparation and Electrolyte Gel.

The estimated values for the electrode circuit model components (Cd, Rd and Rs) are 

available in appendix D, Tables D .l, D.2 and D.3 for all subjects.

The general trend for Cd values is higher values associated when there is a force applied, 

compared to when there is no force applied; this behaviour is observed with all the subjects 

except for subject AgCl-SP-S4, who exhibited a slight change in Cd values after the second 

cycle of force loading/unloading was applied (Figure 6.2a). The average percentage increase in 

Cd values across all subjects between initial state (0 N -  0 min) and first force level (5 N- 6  

min) was 22.7% (Table 6.2). The average percentage decrease in Cd values across all subjects 

between initial state (0 N -  0 min) and final state (0 N -  36 min) was 2.5% (Table 6.3) (Figure 

6.3al).

Rd values decreased with exerting a force (5 N) on the electrodes sites and increased when 

force was removed (0 N), as appeared in all subjects except for subject AgCl-SP-S4, who 

exhibited a slight change in Rd values after the second cycle of force loading/unloading was
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applied (Figure 6.2b). The average percentage decrease in Rd values across all subjects between 

initial state (0 N -  0 min) and first force level (5 N - 6  min) was 29.8% (Table 6.2). The average 

percentage decrease in Rd values across all subjects between initial state (0 N -  0 min) and final 

state (0 N -  36 min) was 24.5% (Table 6.3) (Figure 6.3bl).

Table 6.2. The percentage increases in circuit model components values between initial state 
(0 N -  0 min) and when the first force level (5N) was applied to pregelled Ag/AgCl electrodes on 
prepared skin sites, (values in brackets indicate a decrease).______________________________

Circuit
Model
Components

Subjects Average

A gCI-SP-St AgCI-SP-S2 AgCI-SP-S3 A gCI-SP-S4 A gCl-SP-S5

Q 8.8% 0.8% 32.5% 15.6% 55.7% 22.7%
R a (22.6%) (30.6%) (40.3%) (18.0%) (37.7%) (29.8%)
R s (15.6%) (21.9%) (19.0%) (10.9%) (21.4%) (17.8%)

Table 6.3. The percentage increases in circuit model components values between initial state 
(0 N -  0 min) and final state (0 N -  36 min) for pregelled Ag/AgCl electrodes on prepared skin 
sites, (values in brackets indicate a decrease)._____________________________________________

Circuit
Model
Components

Subjects Average

A gC l-SP-Sl AgCI-SP-S2 A gCI-SP-S3 AgCI-SP-S4 AgCl-SP-S5

c d (9.7%) (4.2%) (22.3%) 1.6% 21.9% (2.5%)
R a (24.8%) (27.2%) (22.6%) (32.0%) (16.0%) (24.5%)
R s (11.1%) (1.1%) (0.04%) (3.3%) (1.0%) (3.3%)

Rs values sharply decreased with exerting a force (5 N) on the electrodes sites and sharply 

increased when force was removed (0 N), as appeared in all subjects (Figure 6.2c). The average 

percentage decrease in Rs values across all subjects between initial state (0 N -  0 min) and first 

force level (5 N- 6  min) was 17.8% (Table 6.2). The average percentage decrease in Rs values 

across all subjects between initial state (0 N -  0 min) and final state (0 N -  36 min) was 3.3% 

(Table 6.3) (Figure 6.3c 1). Rd values were more consistent to repeated application of force 

loading/unloading with time than Cd or Rs values as there was a general trend for decreasing Rd 

values with time (Figure 6.3).
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Figure 6.2. Pregelled Ag/AgCl electrode’s circuit model components values under the influence of
force loading/unloading and skin preparation for the five subjects (a) Cd, (b) Rd and (c) Rs.
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6.5 Discussion

The initial low impedance value measured for all subjects is attributed to removing the 

stratum corneum layer by skin preparation [11], [13], [23], [40], [6 8 ], [69] and to the 

application of electrolyte gel [4], [70], [71], [72],

The decrease and increase in electrode-skin impedance for all subjects indicate its 

sensitivity to force application. A decrease in electrode-skin impedance was anticipated with 

applying force and thus enlarging electrode-skin contact area [9], [43]. While an increase in 

electrode-skin impedance was anticipated with removing force from electrodes sites and thus 

decreasing electrode-skin contact area.

Applying repeated force loading/unloading to the electrodes sites at the same force level 

(5 N) resulted in lower impedance at second and third force loading/unloading cycles in 

comparison to the initial values of measurements at first force loading/unloading cycle. The 

reasons behind that can be associated with sweat secretion with time [62], electrode settling, 

and the long time effect of force on electrode-skin contact area. The long term effect of force on 

electrode-skin impedance and the effect of electrodes settling were tested and compared in 

(Section B) and these results were published [73], These results indicated that the decrease in 

impedance as a result of force can last for a long period of time and the decrease as a result of 

electrodes settling effect was smaller than the force effect. Compared to results with pregelled 

Ag/AgCl electrodes, where no skin-preparation was performed (chapter 4), changes in 

impedance were much smaller. This is attributed to the skin-preparation, which provided a 

better electrode-skin contact and thus lower initial electrode-skin impedance. The increase in 

Ca values occurred by the applied force is attributed to enlarging the contact area between 

electrode and skin. Initial Rd values obtained in the range of 3-10 kQ are low reflecting the
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impact of skin preparation and electrolyte gel on the electrode-skin impedance. Rd values 

became lower when a 5 N force was exerted on the electrodes sites because of the increase in 

contact strength between electrodes and skin (increase in contact area). The presence of an 

electrolyte gel and an increased sweat activity between the electrode and skin contact area with 

time could also attribute to the decrease in Rd values with time, as the electrolyte gel and sweat 

would provide lower resistivity (p) in accordance to resistance of a conductor's formula (section 

2.6.2). A decrease in (p) resistivity is caused by the additional sweat formed during force 

loading stage [62]. Rs values did not seem to change much from its initial value (0 N -  0 min) to 

its final value (0 N -  36 min); however, Rs values did decrease when a force was applied. This 

suggests that the force caused a redistribution of the electrolyte, perhaps improving the 

electrode-skin contact, but that redistribution was a reversible process, returning the Rs value to 

its original state. As indicated in Section 3.4, the estimate value of Rs does include the 

contributions of RuSsues- The changes observed in the estimated values of Rs, were smalls (10s of 

ohms) and it is not possible to rule out an effect of force on Russues; however, the consequences 

of changes in the estimated Rs values is inconsequential because the changes were small and the 

value of the estimated Rs is also small and would not influence biosignal quality as much as C<i 

and Rj. Rs values did not decrease below 200 £2 when a light force level (5 N) was applied to 

pregelled Ag/AgCl electrodes sites for all the subjects (Figure 6.2c). The estimated value of Rs 

might not have decreased below 2 0 0  £1 with higher force levels because of the contributions of 

the impedance of underlying skin tissue, which are included in the estimated values of Rs. The

explanation is the same as given in Section 4.4. The response of electrode-skin impedance to 

repeated loading/unloading of fixed low force level (5 N) with pregelled Ag/AgCl electrodes
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was quite consistent between subjects unlike the inconsistent behaviour observed in the 

previous study (section 4.3.1). Those inconsistencies were associated with pregelled Ag/AgCl 

electrodes at high level of applied force (22.2 N) and attributed to a redistribution of the 

electrolyte gel from underneath the electrode. However, in this part of study, the level of 

applied force was much lower (5 N).

6.6 Conclusion

Skin preparation caused the electrode-skin impedance to be sensitive to force application. 

Applying a force (5 N) to electrodes sites resulted in a decrease in electrode-skin impedance 

and an increase when no force was applied. Performing skin preparation enabled low initial 

electrode-skin impedance; however, lower electrode-skin impedance was observed with the 

application of force on the electrodes sites. The magnitude of change between force 

loading/unloading in electrode-skin impedance decreased with subsection force 

loading/unloading. A light initial force (5 N) application showed to cause noticeable changes in 

Cd, Rd, and Rs values, 22.7% increase, 29.8% decrease, and 17.8% decrease, respectively 

between the initial unloaded state (0 N -  0 min) and loaded state (5 N -  6  min).

6.7 Summary

The results of this study indicate the sensitiveness of electrode-skin impedance to force 

application. The responses of electrode circuit components to repeated application of force 

loading/unloading demonstrate that applying an external force would increase Cd values and 

decrease Rd and Rs values. In the force unloading state, it shows the opposite; a decrease in Cd 

values and an increase in Rd and Rs values (Figure 6.2). In addition, based on a comparison 

made to the responses of Cd, Rd and Rs values to repeated force loading/unloading in Figures 

6.4a, b and c, a better perspective for the effect of force loading/unloading can be observed.
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Figure 6.4. Bars Comparison of pregelled Ag/AgCl electrode’s circuit model components values
under the influence of force loading/unloading and skin preparation for the five subjects, (a) Cd,
(b) Rj and (c) Rs.
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7 Conclusions and Future Work

7.1 Conclusions

It was anticipated that exerting a force on the electrodes sites can decrease the electrode

skin impedance, which was generally observed with the majority o f results obtained. Results 

are consistent with the hypothesis that an applied force on electrodes sites would increase the 

contact strength between the electrodes and skin surface, increasing the effective contact area 

and such decreasing the electrode-skin impedance [9].

A sharp decrease in impedance was experienced during the application of dry electrodes and 

in the absence of electrolyte gel with Ag/AgCl electrodes. However, pregelled Ag/AgCl 

electrodes exhibited inconsistent results among the tested subjects. The presence of electrolyte 

gel could affect electrode-skin impedance measurements under high level of force (22.2 N). 

The reason behind that is attributed to the strong force (22.2 N) being applied to the electrodes 

sites, forcing the electrolyte gel to be redistributed away from the electrodes centers. The 

fluctuations in Rs values in Figure 4.3c that reflect the resistance of electrolyte gel and the 

similar reported fluctuations in impedance values during force application to pregelled 

Ag/AgCl electrodes [43] support the findings of this study. Performing skin preparation would 

result in a low range of initial electrode-skin impedance, which could reduce part of the impact 

of applying an external force on electrodes sites and such not observing a sharp decrease in 

electrode-skin impedance. The effect of force on electrode’s circuit model components is in 

agreement with the anticipated results; an increase in capacitance value (Cd) and a decrease in 

resistance values (Rd and Rs). Electrode-skin impedance and electrode’s circuit model 

components were found highly responsive at initial force level (8.9 N). Electrode-skin
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impedance for most of the measurements sustained their lower values even after the applied 

force was removed.

Furthermore, applying an external force on the electrodes sites would decrease the electrode- 

skin impedance for dry electrodes and in the absence of electrolyte gel.

Based on the results of this study a moderate force level (8.9 N) would be sufficient to 

sharply reduce the electrode-skin impedance when dry electrodes are applied. Increasing the 

force level to more than 8.9 N would further decrease the electrode-skin impedance. Caution 

should be taken when exerting a force level higher than 8.9 N on electrodes sites because it may 

cause some pain to the subjects.

In this thesis, five subjects were participated in each experiment, from the total number of 

nine subjects who participated in the thesis. However, the results of this study can be 

generalized when considering the following. Firstly, this study has more than a hundred 

measurements that have a common main result, which is applying an external force on the 

electrodes, would result in a decrease in the electrode-skin impedance regardless of the type of 

electrodes being applied in each experiment. Secondly, the existence of a general trend in the 

responses of different variables of electrode circuit model to force application could support the 

findings of this study, as an increase in capacitance (C d )  and decrease in resistance values of 

(Rd) and (Rs).

Rs or Rtissues don’t form a large part of the electrode-skin impedance in low frequencies, unlike 

at high frequencies. Biosignals measurements are mainly contained in the low frequency 

region; generally (below 500 Hz), so their impacts on biosignal quality are inconsequential.
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The similarities in age and gender between the subjects are assumed not to be critical factors in 

influencing the overall results. However, it would be better in future work to include larger 

sample of old and young male and female subjects.

7.2 Future Work

A further analysis on the effect of an external force on the biological signals needs to be 

done in order to provide a better assessment on the usefulness of this technique in recording 

biological signals. Exploring more on the application of an external force on the electrodes sites 

can be achieved through several ways.

1- Increasing the number of subjects in the future study

In the future study, including large number of young and old, male and female subjects is 

important for a valid statistical analysis testing.

2- Analyzing the effect of an external force on electrodes sites during ECG, EMG and 

EEG signals measurements.

Performing an analysis on the effect of different external force levels on the electrodes sites 

for recording ECG, EMG and EEG signals would be beneficial for a future work. Recording 

EEG signal requires specific electrodes placements sites on head which could be highly 

sensitive to force effect. EMG signal could have a different response when external force is 

placed on muscle as well as ECG signal. In the future work, these factors need to be analyzed 

for better understanding of the force effect on recording biological signals.
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3-The effect of external force technique on physiological monitoring system’s 

measurements would be worth trying in the future.

Applying an external force on wearable physiological monitoring system needs to be 

under controllable standards by considering the comfort of the person who is wearing the 

physiological monitoring system. Moreover, the muscle’s movements during breathing 

(inflation and deflation) and normal physical activity may influence the physiological 

monitoring system measurements. Analyzing more in depth the effect of external force on the 

wearable physiological monitoring system measurements would be crucial for improving the 

physiological monitoring system measurements.
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Appendix A

Section A.l MATLAB Code for Least Squares Curve Fitting Method 

A. 1.1 Loading Measured Impedance Data from Excel File to MATLAB Program

function [f,Z,startDateTime] = loadlmpedanceData(filename)

[data,textdata) = xlsread(filename); 

f = data(:,5);

Z = abs(data(:,9)/2) ;

% 5 (column number) belongs to the frequencies values obtained from Excel file.

% 9 (column number) belongs to the impedance values obtained from Excel file. 

experimentStartTime = textdata{2};

% 2 (column number) belongs to the experiment start time obtained from Excel file. 

startDate = experimentStartTime(25:length(experimentStartTime)) ;

StartDateTime = datevec (startDate) ,-

A.1.2 Electrode-Skin Impedance Circuit Model

% Compute the magnitude of the electrode-skin impedance for a single electrode, 

function zelectrode = electrodeSkinlmpedance(circuitParameter, f) 

circuitParameter = [Rs Rd Cd],-

Rs = circuitParameter(1);

Rd = circuitParameter(2);

Cd = circuitParameter(3); 

s = j*2*pi*f;

Zelectrode = abs(Rs + (Rd./(1 + s*Rd*Cd)));

A. 1.3 Electrode-Skin Impedance Circuit Model on Logarithmic Scale

function logZelectrode = logElectrodeSkinlmpedance(circuitParameter, logF) 

f = 10.*logF;

Zelectrode = electrodeSkinlmpedance(circuitParameter, f),• 

logZelectrode = loglO(Zelectrode);

A.1.4 Estimating the Electrode Circuit Components Values

function [Rs,Rd,Cd] = findElectrodeModel(f,Z)

% Convert the impedance and frequencies into log domain. 

logF = loglO(f);
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logz = loglO(Z) ;

% Initialize a guess of parameters.

RsO = Z(length(Z)); % For high frequencies Z approaches Rs 

RdO = (Z(1) - RsO); % For low frequencies Z approaches Rs + Rd 

CdO = le-9; % Arbitrarily use InF 

% Compute the curve fitting model 

circuitParameterO = [RsO RdO CdO];

[circuitParameter, resnorm] =

lsqcurvef it (®logElectrodeSkinImpedance, circuitParameterO, logF, logz, [0 0 0] , [inf inf inf]);

% Curve fitting seems to be sensitive to initial value of Cd (hitting local minima) . Search for 

better fit (smaller residual area) over a range of Cd.

N = 100;

CdO = logspace(-15,-5,N); 

for i = 1:N 

Rs = RsO;

Rd = RdO;

circuitParameterO = [Rs Rd CdO(i)];

[curCircuitParameter, curResnorm] =

lsqcurvef it OlogElectrodeSkinlmpedance, circuitParameterO, logF, logZ, [0 0 0] , [inf inf inf]); 

if curResnorm < resnorm

circuitParameter = curCircuitParameter;

end

%compute the curve fitting figure.

loglog(f,Z ,'s ’,f ,electrodeSkinlmpedance(circuitParameter,f) , ' o ' ) ;
title ( [datestr(startDateTime) ' Rs =' num2str(Rs) 'Rd =' num2str(Rd) 'Cd =' num2str(Cd) ]); 
ylabel('|Z| (ohms)'); 
xlabel('Frequency (Hz)'); 
legend!'Measured', 'Model');
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A.2 Estimating the Electrode Circuit Model Components Values

Electrode circuit model components values were estimated by applying the least mean 

squares curve fitting method using MATLAB Program (MathWorks Inc.)- An example of the 

least mean squares curve fitting output is presented in Figure A. 1. The estimated Rs, Rd and Cd 

values are located at the top of Figure A. 1.

12-D ec-2011 10:59:23 R s = 84  7677 Rd = 33157.3922 Cd = 4 2157e-0 0 8
1 0

I >o
u D Q ° D° o a D

1 0

10

1 0

a Measured 
Model

O-1no
Cl; ,

1 0 1 0  1 0
F requency  (Hz)

1 0

Figure A.I. Experimental results for Orbital electrode-skin impedance frequency response 
(Subject, Orbital-S2) with applied force of 8.9 N at 6 min and the model plot done by least mean 
squares curve fitting method using MATLAB program. Estimated electrode circuit components 
values are located at the top of the Figure.

T h e percent residual d ifferen ce b etw een  the m easu red  and m o d el v a lu es  is  in the range o f  5 -  10 % for  

m ost o f  the m easurem ents.
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A.3 Validation for the Estimated Values of Electrode Circuit Model 
Components Values that was performed with MATLAB Program

To validate the equivalent circuit model components values for electrode-skin interface 

(Figure A.2), the following formulas were applied

H4 . JWr
L .

Figure A.2. Equivalent circuit model for electrode-skin interface.

Ze = Rc +s T 1 
Rd

+ jto Cd
(A.3.1)

where (O = 2 it f and f stands for frequency

Rd
Ze = Rs + ---- :—— -s 1+ jco C d R d

(A.3.1.1)

Rs+Rd+iwCd Rs Rd
# ™ ( / \  • 3« m )

l+joo Cd Rd

The formula that was used in MATLAB program to generate the impedance versus frequency 

model plot is

Z e = i R» + » J-t : 1 <A-3J)—  + ,<*>Cd
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Two methods were applied to verify the validity of the estimated electrode circuit model 

components values (Cd, Rd and Rs) generated by MATLAB program. The first method relies on 

comparing the values of Cd, Rd and Rs that were determined from distinguished points in 

impedance versus frequency plot as described in section 2.5.1 with the values obtained from 

MATLAB program. The second method relies on running a verification formula using 

MATLAB program and comparing the values obtained from impedance versus frequency 

model plot with the values obtained from verification formula. The verification formula is the 

derived impedance formula of equivalent circuit model for electrode-skin interface (A.3.2).

_  . Rs+Rd+icoCd Rs Rd .
Ze = --------—— —------  (A.3.2)

l+ j to  Cd Rd

Assigning arbitrary values for Cd, Rd and Rs [(Cd = 50 x 10~6 nF), (Rd = 10000Q), (Rs = 100H)] 

and substituting these values in the derived impedance formula (A.3.2) will provide the 

absolute impedance (Ze) value, and then inserting the impedance value into the original 

formula (A.3.1.1) using MATLAB program will generate values for Cd, Rd and Rs. If the 

percentage difference between the arbitrary values for Cd, Rd and Rs and the values generated 

by MATLAB is zero as obtained in this study, then the estimation for electrode circuit model 

components values (Cd, Rd and Rs) generated by MATLAB program is correct.
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A.3.1 MATLAB Code for Validation

[f,Z,startDateTime] = loadlmpedanceData([dataDirectory filename]);

[data,textdata] = xlsreadlfilename);

Rs =100 + 10*rand(1,1);

Rd =10000 + 1000*rand(1,1);

Cd =50e-6 + 5e-6*rand(1,1); 

s =j*2*pi*f;

^Computing the impedance value of two electrodes as in the original data file. 

Ze = (Rs+Rd+s*Rs*Rd*Cd)./<l+s*Rd*Cd) + (Rs+Rd+s*Rs*Rd*Cd) . / <l+s*Rd*Cd) ;

Z = abs (Ze) ,*

%Computing the impedance value for a single electrode.

Z = Z/2; 

n = 100; 

x = rand (1, n) ,-

% Estimating the circuit model components values from the impedance value. 

[RsEst,RdEst,CdEst] = findElectrodeModel(f,Z ) ;

%Computing the percent error in the model components values 

[((RsEst-Rs)/Rs*100) ((RdEst-Rd)/Rd*100) {{CdEst-Cd)/Cd*100)]

loglog(f,Zmag)
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A.4 Sample Calculation for Body Mass Index (BMI)

The calculation for Body Mass Index (BMI) is based on the height and the weight of the 

subject [74], The following sample calculation is for subject Orbital-S2 (Table 5.1).

W eight in Kilograms
BMI =

Height in Meters X Height in Meters

90 Kg
27.8

1.8 m X 1.8 m

A.5 Sample Calculation for Percentage Change of Cd Values

The percentage Cd values change between initial value (16.55 nF) at 0 N -  

value (8.19 nF) when force was removed from pregelled Ag/AgCl electrodes 

min is 1 0 2 .1% increase.

These values belong to Subject Ag/AgCl-G-S5 (Table B .l)

Final Cd value (0 N - 24 min) = 16.55 nF 

Initial Cd value (0 N - 0 min) = 8.19 nF

Final Cd value — Initial Cd value
Percentage Change =  ,   X 100

6  6  Initial Cd Value

16.55 -  8.19
 ——------ X 100 = 102.1 %

8.19

A negative percentage change would indicate a decrease in value.

(A.4)

0  min and final 

sites at 0 N- 24

(A.5)
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Appendix B

The results of equivalent circuit model components values for Ag/AgCl electrode-skin 

interface with and without an electrolyte gel and under the influence of an external force are 

available in following tables.

Table B .l: Ag/AgCl electrode’s circuit component Cd values (nF) with/without electrolyte gel (G)
and under the influence o f c ifferent external force evels for t ie participated subjects.
Subject Electrode

Type
Force (N) 0 8.9 22.2 8.9 0
Time
(nun) 0 6 12 18 24

Ag/AgCl-G-Sl Ag/AgCl 30.73 29.37 29.91 34.23 34.33
Ag/AgCl-G-S2 Aa/AgCl 26.75 30.69 14.06 19.00 35.24
Ag/AgCl-G-S3 Ag/AgCl 21.06 24.32 25.80 26.60 27.81
Ag/AgCl-G-S4 Ag/AgCI 7.73 11.77 13.96 15.38 16.20

AgCbNo-G-Sl
Ag/AgCI 8.19 12.21 14.10 15.45 16.55
Ag/AgCl 0.869 8.27 16.9 19.7 19.4

AgCl-No-G-S2 Ag/AgCl 1.51 12.1 24.6 31.2 30.7
AgCl-No-G-S3 Ag/AgCI 1.20 10.2 19.1 22.4 22.1
AgCl-No-G-S4 Ag/AgCI 16.9 22.7 24.8 24.6 21.4
AgCl-No-G-S5 M As £ L . . 6.32 14.2 18.4 18.4 18.9

Table B.2: Pregelled Ag/AgCl electrode’s circuit component Ra values (kO) with/without 
electrolyte gel (G) and under the influence o f  different external force levels for the participated 
subjects. ____________________ __________ ___________ ___________
Subject Electrode

Type
Force (N) 0 8.9 22.2 8.9 0
Time
(min) 0 6 12 18 24

Ag/AgCl-G-Sl Ag/AgCl 112.3 118.0 186.8 80.8 80.9
Ag/AgCl-G-S2 Ag/AgCI 131.2 128.0 95.8 63.5 40.0
Ag/AgCl-G-S3 Ag/Aga 422.8 225.4 134.8 106.7 99.6
Ag/AgCl-G-S4 Ag/AgCl 2261.2 1255.4 1129.1 1075.6 1021.7
Ag/AgCl-G-S5 Ag/AgCI 2046.5 1360.5 1093.1 1056.6 1052.7
AgCl-No-G-Sl Ag/AgCl 1475.6 122.3 45.5 43.4 42.7
AgCl-No-G-S2 Ag/AgCI 2401.3 472.69 312.67 261.1 232.5
AgCl-No-G-S3 Ag/AgCI 3402.8 1252.7 302.3 293.4 512.6
AgCI-No-G-S4 Ag/AgCI 1539.6 448.3 330.3 237.7 341.3
AgCI-No-G-S5 A^ g £ i ... 3385.9 2353.1 1384.2 903.6 852.5
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Table B.3: Pregelled Ag/AgCl electrode’s circuit component R, values (£1) with/without electrolyte

Subject Electrode
Type

Force(N) 0 8.9 22.2 8.9 0
Time
(min) 0 6 12 18 24

Ag/AgCI-G-Sl Ag/AgCl 294.1 390.8 205.5 302.0 294.8
Ag/AgCI-G-S2 Ag/AgCI 290.0 283.8 719.6 596.6 294.1
Ag/AgCI-G-S3 Ag/AgCI 300.6 267.1 287.5 278.9 272.2
Ag/AgCl-G-S4 Ag/AgCl 560.2 598.1 640.0 608.9 569.4
Ag/AgCl-G-S5 Ag/AgCI 553.4 533.7 593.0 532.9 516.3
AgCl-No-G-Sl Ag/AgCl 2682.0 673.1 586.3 531.8 450.6
AgCl-No-G-S2 Ag/AgCI 2030.5 781.6 612.2 552.3 543.2
AgCI-No-G-S3 Ag/AgCI 3130.6 715.1 585.8 513.7 429.1
AgCl-No-G-S4 Ag/AgCI 315.0 278.7 292.9 278.9 286.8
AgC!-No-G-S5 Ag/AgCI 532.5 365.6 515.0 461.2 435.7

B.2 Impact of Electrode Settling Time and Force on Electrode-Skin 
Impedance

B.2.1 Introduction

Electrode settling allows the electrode to start interacting with the ions on the skin and 

would result in lowering electrode-skin impedance with time [1], [45]. In this study, the effect 

of force on electrodes sites caused a decrease in electrode-skin impedance. The effect of 

electrode settling time needs to be examined in order to compare its impact with the effect of 

force on electrode-skin impedance.

This study is designed to compare the effect of force with the effect of electrode settling 

on electrode-skin impedance.

The results of this study were published in [73].

B.2.2 Materials and Methods

A) Experimental Setup

Pregelled wet surface silver/silver chloride (Ag/AgCl) electrodes (Model # FT002, MVAP 

II, Medical Supplies Inc., Newbury Park, CA, U.S.A.) that have a diameter of 1 cm were used
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(Figure 3.11). Bioimpedance measurement system stated in section 3.1.3 was used to measure 

electrode-skin interface impedance. Impedance was measured from 1 Hz to 1 MHz (10 points 

per decade), averaging 2 0  cycles per frequency, and using a 1 0 0  pA root mean square supply 

current. The applied alternating electrical current 100 pA is in accordance with the safety 

standards. 100 pA is a low AC current that would not harm the human body [2], A custom 

device was constructed to provide an externally applied force (Figure 3.12). It is consisted of 

two clamps (SL300 Quick-Grip, Irwin Tools, Huntersville, NC, U.S.A.), integrated into a fixed 

wooden base, and used to provide a downward vertical force. Force sensors (FlexiForce A201, 

25 lb range, Tekscan, Boston, MA, U.S.A.) were used to measure the applied force.

B) Data Collection

The first Ag/AgCl electrode pair was placed on the ventral side of the right forearm, 

spaced 7 cm apart, with the distal electrode approximately 11 cm from the wrist. The second 

Ag/AgCl electrode pair was placed on the ventral side of the left forearm, spaced 7 cm apart, 

with the distal electrode approximately 11 cm from the wrist. In this study, skin preparation was 

not performed in any electrode-skin impedance measurements.

The first sets of measurements for electrode-skin impedance of the right forearm were 

measured under different force levels in the following sequence: 0 N, 8 .8  N, 22.5 N, 8 .8  N, and 

0 N for the first 30 min. The electrode-skin impedance at the last load 0 N continued to be 

recorded for additional 50 min to analyze the long term effect of force on electrode-skin 

impedance. The second sets of measurements for electrode-skin impedance of the left forearm 

were measured without applying any force to the electrodes to analyze the effect of electrodes
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settling time on electrode-skin impedance for 30 min. The room temperature and humidity were 

22°C and 31%, respectively.

B.2.3 Results and Discussion

The measured electrode-skin impedance at 10 Hz as a function of time decreased in 

a faster base with force application than without force application (Figure B.l).

The percentage decrease in electrode-skin impedance under force effect was 73% for subject 1 

and 36% for subject 2 (Table B.4) while it was 30% for subject 1 and 17% for subject 2 under 

electrode settling effect (Table B.4). The effect of force on electrode-skin impedance remained 

even when there was not any force being applied on the electrodes sites; subject 1 has almost 

constant electrode-skin impedance value of 32 k£2 at 31 min and 30 kfi at 83 min under force 

effect.

350
■ Subject 1 (With Force)
•  Subject 1 (Without Force)
■ Subject 2 (With Force)
•  Subject 2 (Without Force)

!2.5 N

300

ON

150

100 .ON

40 60 100
Time (min)

Figure B.l. The effects of electrode settling and force on electrode-skin impedance at 10 Hz are 
with respect to time. Applied force levels are indicated on the graph (unlabeled points are at 0 N).

The electrode-skin impedance for subject 2 continued to decrease even when the force was 

removed from the electrodes sites as it was 135 kO at 31 min and 100 k£2 at 83 min. The
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electrode settling can cause a decrease in electrode-skin impedance [45], but at a slower base in 

comparison to the effect of force on electrodes sites.

Table B.4: A Comparison between the effects of force and electrode settling on electrode-skin
impedance in the first'>0 min at 10 Hz.

Subject With Force Without Force
1 73 % 30%
2 3 6 % 17 %

The results indicated that the effect of force on electrode-skin impedance can decrease the 

electrode-skin impedance for a longer period of time. The sudden increase in electrode-skin 

impedance at high force level 22.5 N can be attributed to the gel being redistributed away from 

the electrodes sites under heavy load [43]. However, the increase in impedance was then 

changed to a decrease at lower force levels (8 .8  N and 0 N).

B.2.4 Conclusion

The results obtained in this study indicate that the impact of force on electrode-skin 

impedance is much larger than electrode settling time. Moreover, the effect of force on 

electrode-skin impedance results in hysteresis effect and could continue for longer period of 

time.
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Appendix C

The results of equivalent circuit model components values for Orbital and stainless steel 

electrode-skin interface under the influence of an external force are available in following 

tables.

Table C.l: Orbital and stainless steel electrode’s circuit component Cd values (nF) under the

Subject Electrode
Type

Force (N) 0 8.9 22.2 8.9 0
Time
(min) 0 6 12 18 24

Orbital-S 1 Orbital 3.66 15.77 30.66 34.22 8.73
Orbital-S 2 Orbital 28.16 42.12 42.20 42.68 30.04
Orbital-S 3 Orbital 0.20 2.50 8.55 10.97 4.56
Orbital-S 4 Orbital 6.11 45.58 55.37 57.38 45.33
Orbital-S 5 Orbital 8.56 36.69 46.89 48.01 40.90
ST-S1 Stainless Steel 1.34 6.29 11.41 13.20 14.27
ST-S2 Stainless Steel 9.37 24.06 33.88 35.15 35.04
ST-S3 Stainless Steel 0.26 6.56 14.36 15.31 15.92
ST-S4 Stainless Steel 7.09 15.54 24.97 27.11 24.06
ST-S5 Stainless Steel 6.22 13.13 16.65 17.92 17.26

Table C.2: Orbital and stainless steel electrode’s circuit component Rd values (kil) under the 
influence of different external force levels for the participated subjects. ________ ________

Subject Electrode
Type

Force (N) 0 8.9 22.2 8.9 0
Time
(min) 0 6 12 18 24

Orbital-S 1 Orbital 2268.4 197.8 129.6 130.5 1018.5
Orbital-S 2 Orbital 99.2 33.2 29.2 37.4 70.2
Orbital-S 3 Orbital 5277.3 1291.3 122.7 83.7 244.1
Orbital-S 4 Orbital 370.2 156.4 40.1 62.4 125.0
Orbital-S 5 Orbital 273.7 138.8 91.6 106.0 134.0
ST-S 1 Stainless Steel 3026.0 192.3 98.5 104.0 281.4
ST-S2 Stainless Steel 272.5 74.1 61.6 55.3 51.4
ST-S 3 Stainless Steel 62522.0 305.1 176.5 153.8 655.9
ST-S 4 Stainless Steel 166.3 117.4 81.2 90.6 74.1
ST-S 5 Stainless Steel 2187.3 1029.7 705.6 724.1 705.8
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Table C.3: Orbital and stainless steel electrode’s circuit component Rs values (Q) under the

Subject Electrode Type Force (N) 0 8.9 22.2 8.9 0
Time
(min) 0 6 12 18 24

Orbital-S 1 Orbital 449.2 266.4 172.3 151.1 392.2
Orbital-S 2 Orbital 112.9 85.0 87.1 90.4 114.2
Orbital-S 3 Orbital 1645.7 454.9 283.9 271.5 321.8
Orbital-S 4 Orbital 501.7 153.1 142.2 139.7 154.8
Orbital-S 5 Orbital 424.4 149.7 133.5 135.8 155.0
ST-S 1 Stainless Steel 626.2 458.6 391.1 370.0 341.7
ST-S 2 Stainless Steel 614.0 316.7 325.4 307.4 300.6
ST-S 3 Stainless Steel 1478.8 478.9 399.0 367.3 354.5
ST-S 4 Stainless Steel 1131.4 356.6 361.9 336.8 316.7
ST-S 5 Stainless Steel 431.7 285.9 298.8 284.6 333.1
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Appendix D

The results of equivalent circuit model components values for Ag/AgCl electrode-skin 

interface with electrolyte gel under the influence of an external force and skin preparation are 

available in following tables.

Table D.l: Pregelled Ag/AgCl electrode’s circuit component Cd values (nF) under the influence of 
0 N and 5 N externa! force level for the participated subjects using skin’s preparation technique.

Subject Electrode
Type

Force (N) 0 5 0 5 0 5 0

Time
(min)

0 6 11 17 23 28 33

AgCl-SP-Sl Ag/AgCl 32.0 34.8 26.2 32.2 31.8 35.3 28.9
AgCl-SP-S2 Ag/AgCl 36.0 36.3 30.6 36.5 34.0 38.1 34.5
AgCl-SP-S3 Ag/AgCI 26.5 35.1 24.2 33.2 24.6 33.3 20.6
AgCl-SP-S4 Ag/AgCl 37.2 43.0 42.5 43.1 39.7 41.0 43.3
AgCl-SP-S5 M A g C !_... 18.3 28.5 21.4 26.4 22.3 27.3 22.3

Table D.2: Pregelled Ag/AgCl electrode’s circuit component Rrf values (kQ) under the influence of 
0 N and 5 N external force level for the participated subjects using skin’s preparation technique.

Subject Electrode
Type

Force (N) 0 5 0 5 0 5 0

Time
(min)

0 6 11 17 23 28 33

AgCl-SP-Sl Ag/AgCl 5.32 4.12 4.74 3.44 3.99 3.35 4.00
AgCl-SP-S2 Ag/AgCI 3.89 2.70 3.25 2.63 2.72 2.34 2.83
AgCl-SP-S3 Ag/AgCl 10.2 6.09 7.54 5.14 7.15 4.97 7.89
AgCl-SP-S4 Ag/AgCI 3.88 3.18 2.96 2.63 2.64 2.83 2.64
AgCl-SP-S5 Ag/AgCl 3.63 2.26 3.26 2.11 3.07 2.06 3.05

Table D.3: Pregelled Ag/AgCl electrode’s circuit component Rs values (Q) under the influence of

Subject Electrode
Type

Force (N) 0 5 0 5 0 5 0

Time
(min)

0 6 11 17 23 28 33

AgCl-SP-Sl Ag/AgCl 252.4 212.9 240.7 217.0 251.8 218.7 224.4
AgCl-SP-S2 Ag/AgCl 280.8 219.3 258.2 222.0 251.6 229.0 277.7
AgCI-SP-S3 Ag/AgCI 263.8 213.8 226.2 205.3 256.4 209.2 263.7
AgCI-SP-S4 Ag/AgCl 269.1 239.8 265.7 232.7 253.0 203.8 260.3
AgCl-SP-S5 Ag/AgCl 278.6 218.9 289.25 227.4 278.5 222.5 275.9
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