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Abstract  

The need for a quantitative method to measure the wound healing process is 
becoming important as current methodologies are subjective, and misdiagnosis can 
lead to wounds transitioning into chronic wounds that can potentially lead to 
amputations. Recently, bioelectrical impedance analysis (BIA) has been adopted into 
monitoring wounds and the advances in microtechnology research can allow a 
wearable BIA device to monitor wounds. This creates the need for wearable 
electrodes that can be integrated into clothing or pressure bandages to allow for 
stable monitoring.  

There are various methods for creating electronic textile (e-textile) electrodes. A 
quick, simple and relatively low-cost method is creating e-textile electrodes with 
embroidery. The objective of this thesis is to study and analyse specific parameters 
of e-textile electrodes that can influence BIA measurements. The parameters studied 
are associated with research that adapt BIA for monitoring wounds. These factors are 
adopted to study the performance of e-textile electrodes. E-textile are considered 
dry electrodes implying they are associated with a polarization impedance.  

An embroidery machine provides versatility in the manufacturing process of e-textile 
electrodes. There are multiple variables that can be easily controlled on the machine 
to create a desired electrode design. However, there is an uncertainty on how these 
variables impact the polarization impedance. It has also been demonstrated that the 
polarization impedance is greatly improved by including an electrolyte layer to dry 
electrodes. This study presents the drawback of an electrolyte layer. It provides a set 
of variables that can be adopted to create e-textile electrodes with a minimised 
polarization impedance.  

Given that the electrodes touch the skin, a set of substrates were selected for the e-
textile electrodes and tested to observe the influence of any changes in skin 
conditions, for example skin temperature and perspiration. The parameters found in 
the study were adopted for the embroidery machine settings on commercially 
available textiles. To imitate the skin properties, a climatic chamber was used by 
applying the appropriate settings. The human comfortability factor was also 
considered in terms of air permeability. A study was also completed to identify 
whether a reduction in Zp of the e-textile electrodes can be achieved by changing the 
shape.  

The final study is the application for e-textile electrodes where pork belly was used 
to emulate the human skin in terms of dielectric properties. By adopting BIA methods 
to measure the appropriate parameters used to monitor wounds, the e-textile 
electrodes were tested and compared to common clinical electrodes. Although e-
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textile electrodes can be adopted to measure specific BIA parameters, further 
research is essential in improving their performance.  

The key findings in this study indicate that e-textile electrodes in dry form provide 
stable measurements compared to using e-textile electrodes with a hydrogel layer. 
However, dry e-textile electrodes are associated with a high Zp. Increasing the e-
textile electrodes surface area, stitch density (spacing) and stitch length decreases 
the Zp. Additional reduction in Zp is evident by fabricating the electrodes in an 
elliptical shape. This research also indicated that a polyester non-woven textile had a 
reduced Zp compared to the commercially available substrates used for this study. 
This substrate also showed the least variance when tested over a range of 
temperatures and relative humidity’s emulating skin properties; thus, implying that 
measurements would be least affected when used on skin. Moreover, it was 
associated with a relatively high air permeability indicating it would be the most ideal 
in terms of comfort. Adopting the e-textile electrodes to measuring BIA parameters 
that are commonly used for wounds indicated that they are comparable to Ag/AgCl 
when measuring the impedance (Z), resistance (R) and open circuit resistance (Rinf). 
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Chapter 1  

Introduction  

1.1 Motivation 

Wounds are a growing concern globally [1–4]. Current methodologies are based on 
visual inspection by medical professions that leads to misdiagnosis and potentially 
wrong treatment [5–9]. Much research has been directed into monitoring wounds 
quantitatively [10,11,20–29,12,30–32,13–19]. In addition, with the development of 
micro-electronics and conductive yarns, these methodologies can be transformed 
into a wearable device that can be used for long-term monitoring [33].  

Recently, researchers have adapted bioelectrical impedance analysis (BIA) to identify 
methodologies into monitoring wounds [34,35,44–46,36–43]. A current is injected 
through the biotissue under study (BUS) permitting measurements of its resistive and 
capacitive properties. Currently, discrete measurements are conducted using 
common clinical electrodes identified as wet electrodes, specifically Ag/AgCl. 

Wet electrodes are typically characterised as non-polarised electrodes [47]. Although 
they are not ideally non-polarized, the electrolyte ‘gel’ layer associated with wet 
electrodes substantially reduces the polarization to a magnitude of a few ohms [48]. 
Thus, allowing the use of the electrodes across a range of systems that operate at 
different frequencies. However, there are several drawbacks to using wet electrodes 
in long-term monitoring applications. A simple issue associated with wet electrodes 
is that preparation of the skin is required prior to placing the electrodes on the 
patient. In addition, there are issues with the comfort of the patient. Wearing wet 
electrodes long-term can cause discomfort to the patient in addition to causing skin 
irritations. However, the main issue is their stability in measurements. Wet 
electrodes are secured to the patient with the aid of an adhesive layer on the 
electrode. Therefore, there are two wet layers assisting their performance, the 
adhesive layer secures the electrode to the skin surface that forms the electrode-skin 
interface. A gel layer is added to the electrodes in order to minimise the electrode-
skin impedance (Zes). However, the dehydration of these layers can cause the 
electrodes to slowly detach from the patient: thus, losing a signal or causing an 
electrode-skin impedance mismatch [49,50]. Moreover, the dehydration of the gel 
layer results in an unstable redox reaction influencing the reliability of measurements 
[51]. This has led to researchers fabricating dry electrodes to replace wet electrodes 
for various application [51–59]. However, the study of dry electrodes in various fields 
indicates that due to their capacitive properties, they possess a polarization 
impedance (Zp) that can impact measurements. 
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With the development of conductive yarn, electronic textile (e-textile) electrodes 
have been adapted to various systems including, ECG, EEG and EMG’s [60–62]. 
Various methods have been adapted in the production of e-textile electrodes. E-
textiles have been fabricated by depositing conductive polymers onto simple textiles 
using dip-coating, ink-jet and screen printing [63–65]. In addition, conductive threads 
have been woven or knitted to form e-textile electrodes [66]. However, the 
conductive polymers age and can induce skin irritation when worn for long periods 
[63,67]. Moreover, the weaving or knitting of e-textile electrodes can be costly. The 
application of an electrolyte layer has also been studied in improving the 
performance of e-textile electrodes, specifically for ECG [63].  

The embroidery process allows for a controlled methodology into developing e-
textile electrodes to reduce Zp [47,68]. BIA adapted to monitor wounds operate at 
significantly higher frequencies (close to a magnitude of 103) in comparison ECG, EEG 
and EMG systems [47]. Thus, a change in the magnitude of Zp associated to the e-
textile electrodes at 50 kHz is expected. A common frequency adapted to monitor 
skin integrity is about 50 kHz [69]. Moreover, the methodology of monitoring wounds 
using BIA systems differs from these other systems. Therefore, a study into the 
comparison of wet electrodes to e-textile electrodes based on these parameters has 
yet to be undertaken.  

Research Questions 

1) What are the fabrication variables required to reduce Zp of e-textile 
electrodes? 

2) How is Zp influenced by the e-textile electrode substrates and how do these 
substrates impact Zp relative to physiological conditions as the body adopts to 
comfortable level (via cooling typically associated with changes in body 
temperature and perspiration)? 

3) What BIA parameters for using e-textile electrodes can be used to monitor 
the healing of wounds? 

1.2 Objectives and key findings 

The primary research objective is to establish a suitable method to fabricating e-
textile electrodes to monitor skin integrity using BIA. This study includes the stability 
of Zp associated with dry electrodes. In addition, suitable embroidery variables were 
identified to reduce Zp associated with dry electrodes, such as the size of the e-textile 
electrode, the stitch type, stitch spacing (density) and stitch length [47]. An 
appropriate substrate for the e-textile electrodes was found by testing the impact of 
temperature and wetness on Zp; where the temperature and wetness settings were 
associated with skin temperature and perspiration [67]. In addition, the influence of 
a rectangular or elliptical shape on Zp was compared. By selecting the most 
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appropriate electrodes based on a low Zp, their efficacy to wet electrodes (Ag/AgCl) 
was studied. Thus, identifying the parameters that can be used to monitor wounds 
with e-textile electrodes for sfBIA and mfBIA.  

Knowledge 

1. Incorporating a gel layer to dry electrodes reduces the Zp compared to using 
the dry electrodes without hydrogel; however, measurements are unstable. 
This could be due to the dehydration of the hydrogel not present in dry 
electrodes. Dry electrodes indicated a greater Zp, as expected although 
measurements were stable. 

2. An increase in (i) surface area, (ii) stitch density (spacing) and (iii) stitch length 
decreases Zp. In addition, the selected surface area showed a comparable Zp 
for the weave and satin stitch. However, the weave stitch required less 
conductive thread. Elliptical shaped e-textile electrodes also showed a 
reduction in Zp compared to rectangular shaped electrodes. Thus, in this 
study, the e-textile characteristics determined were: 

a. Stitch type: Weave 

b. Dimensions: 40 x 30 mm 

c. Stitch density: 0.4 mm 

d. Stitch length: 7 mm 

e. Shape: elliptical 

3. The substrate selection for the e-textile electrodes influences Zp. This is 
observed when applying temperature and wetness associated with skin 
properties to measure Zp of the e-textile electrodes. Zp was primarily 
influenced by the wetness (RH) of the e-textile electrodes which can be 
associated with a gain in moisture absorption thus resulting in a reduction in 
Zp across all substrates. Completing this study, it was observed that the e-
textile electrodes fabricated using a polyester non-woven felt substrate are 
preferred, due to:  

a. A low Zp compared to the other substrates in this study 

b. A linear relationship between Zp and the skin properties of 
temperature and relative humidity was observed 

c. A close to ‘zero-slope’ was observed indicating a negligible impact on 
Zp due to the skin properties applied 
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d. Demonstrated a greater air permeability relative to the other 
substrates; thus, indicating a preference in terms of comfort 

4. E-textile electrodes can replace Ag/AgCl electrodes to measure specific BIA 
parameters used in monitoring the wound healing process; however, there 
are some limitations. 

a. Z and R trend for Ag/AgCl and e-textile electrodes were comparable; 
thus, e-textile electrodes are suitable for these parameters 

b. XC and φ demonstrated scattering which impacted R0 implying e-textile 
electrodes cannot be used to replace Ag/AgCl electrodes 

c. Rinf showed a decrease in Ag/AgCl and e-textile electrodes 

d. Z is common in measuring the wound healing process and e-textile 
electrodes can be used to replace Ag/AgCl 

1.3 Thesis Structure 

This study is based on the fabrication of e-textile electrodes with the aim of adapting 
them for use with BIA systems to monitor the wound healing phase over a long-term 
period. Therefore, an initial study of the polarization impedance Zp was conducted 
relative to the fabrication process. The second study focused on selecting an 
appropriate substrate based on physiological parameters. The selection of an 
appropriate substrate directed the study into identifying the impact of Zp of e-textile 
electrodes based on their shape. This process identified the e-textile electrodes with 
the lowest Zp. The final analysis was a comparison of the e-textile electrodes to 
common clinical electrodes, specifically Ag/AgCl, to identify their efficacy in current 
BIA methodologies adapted to monitor wounds.  

Chapter 2 of the thesis presents a review covering several aspects including: (i) the 
physiology of skin and wounds, (ii) current clinical methods on wound management, 
(iii) alternative diagnostic methods to monitor the wound healing process, (iv) BIA 
and associated models, (v) BIA for soft tissue integrity, including wounds and (vi) dry 
electrodes. This literature review into BIA methodologies used in monitoring soft 
tissue is essential in the fabrication process and analysis.  

Chapter 3 is a short section on the materials and methodology of this study, including 
the equipment adapted throughout this project. However, in-depth details of the 
methodologies are incorporated in the individual chapters.  

Chapter 4 presents the fabrication process of the e-textile electrodes and its influence 
on Zp. It also presents the benefit of dry electrodes in comparison to the assistance 
of an electrolyte layer used with dry electrodes. Analysis on Zp is based on various 
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embroidery characteristics. This includes the dimensions (size) of the e-textile 
electrodes which relates to the surface are of the conductive component of the 
electrodes. Then there are the stitch properties, including stitch type, stitch length 
and stitch spacing (density). The properties associated with the e-textile electrodes 
that demonstrated the lowest Zp were adapted for the remainder of this research. 

Chapter 5 focused on selecting a suitable substrate based on a reduced Zp in addition 
to the influence of physiological properties on the e-textile electrodes. A climatic 
chamber was adapted to emulate skin temperature and perspiration. The rate of 
change in Zp relative to changes in temperature and RH were analysed for the various 
substrates. To ensure the physiological comfort of the various fabricated electrodes, 
they were tested to measure the air permeability. The best performing substrate was 
then adapted to identify the shape for the final e-textile electrodes.  

Chapter 6 presents a comparative study of e-textile electrodes with common clinical 
Ag/AgCl electrodes based on the parameters adapted to BIA to monitor wounds. By 
adapting a common methodology used in studies monitoring wounds using BIA, an 
experimental protocol was set up and a comparison was completed. This study 
indicates the parameters that can be monitored using e-textile electrodes and the 
parameters that are affected due to the Zp of the e-textile electrodes. 

Chapter 7 presents the conclusion of this study based on e-textile electrodes and 
introduces future work in improving the quality of care for wound patients. 
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Chapter 2  

Literature Review 

2.1 Skin Structure and Wounds 

2.1.1 Skin 

The human body consists of four soft biological tissue (biotissue) types; muscle, 
nervous, connective and epithelial tissue. An epithelial tissue of interest is skin and is 
the largest sensory organ that is found in the human body. It is made up of tightly 
woven skin cells and its thickness can vary between 0.5 mm to 8.0 mm. This also 
depends on the location [70]. It is has several layers that are classified into three main 
categories: (i) epidermis, (ii) dermis and (iii) hypodermis [71–73].  

The function of the epidermis is to protect the human body from the outside 
environment. It has no blood vessels and depends on its connection to the dermis 
sublayer to receive oxygen and nutrients. It consists predominantly of keratinocyte 
cells (about 95%) while the other main cells include melanocytes and Langerhans cells 
[72,73].  

The dermis can be interpreted as an integrated system consisting of cellular and 
acellular matrices providing structure to the skin and necessary for wound healing. 
This layer of the skin is primarily associated with the skin’s mechanical properties 
specifically its elasticity and tensile strength. In addition, it aids in thermoregulation 
assisting the body in maintaining its body core and skin temperature. It consists of 
blood vessels, nerves and lymphatics. In addition, this layer contains many cell types 
including macrophages, mast cells, fibroblasts, and circulating immune cells that are 
vital for the wound to heal [72,73]. 

The hypodermis is the fatty layer that insulates the human body. It is mainly 
composed of fat-storing cells called adipose tissue. In addition to this, it contains 
connective tissues, blood vessels and nerves. It also has the ability to store energy 
supply as a reserve [72,73].  

2.1.2 Cells and action potential 

Cells are the foundation of the structure and function in the human body. Grouped 
cells that perform a common function form soft biotissue. All cells contain 
intracellular fluid (ICF) that is confined by the cell membrane (CM). The cells are 
suspended in interstitial fluid in the tissue. This fluid together with intravascular fluid 
contained in the blood plasma, constitute the extracellular fluid (ECF). Soft biotissue 
is composed of approximately 35% ECF whilst the remaining 65% is ICF [74].  
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An action potential is the electrical potential of a cell in response to stimulation. This 
exists across the plasma membrane of the cells. The steady state of the cell is defined 
by the resting membrane potential and is usually -70 mV. Through an electrical 
stimulus the membrane potential moves toward a positive cell potential known as 
depolarization reaching a maximum threshold of about +30 mV before repolarization 
begins and the potential returns to -70mV. However, it is common for repolarization 
to exceed the resting membrane potential reaching a potential less than -70mV 
before returning to its resting protentional, referred to as hyperpolarization [75]. 

Within the grouped cells of soft tissue, local current flow propagates the action 
potential of the adjacent membrane. All membranes have an absolute refractory 
period; thus, the recently depolarized membranes will not depolarize during this 
recovery period unless a stronger stimulus is applied initiating a new action potential. 
The membrane capacitance and resistance are responsible for the decrease in charge 
of the local currents where the threshold cannot be reached after a certain distance. 
The reduction in membrane capacitance results in the ability to store charge thus 
increasing the distance travelled. Contrary to this, a higher membrane resistance 
contributes to distance where a disruption to these cells influences the 
electrophysiological properties of the biotissue. 

2.1.3 Wounds 

2.1.3.1 Types of Wounds 

Typically, wounds are commonly categorised into open or closed wounds. Open 
wounds are formed by a disruption to the surface of the skin exposing the underlying 
tissue. Open wounds can be grouped under: (i) penetrating wounds and (ii) blunt 
trauma wounds [76–78]. Contrary to this, closed wounds commonly occur from 
underlying skin etiologies, such as immune, metabolic and neurologic disorders. In 
this situation, the underlying tissue is not exposed. Ulcers are a special case in which 
there is an internal aetiology that eventually causes a disruption to the skin. Refer to 
Table 2.1 for the types of wounds [77].  
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Table 2.1 Types of Wounds [77] 

Open Wounds Closed Wounds Ulcers 

Penetrating Wounds Blunt Trauma Wounds   

Puncture  Abrasions Contusions Diabetic foot ulcer 

Surgical Lacerations Blisters Venous Ulcer 

Thermal, chemical, or 
electrical burns 

Skin tears Seroma Ulcerative dermatitis 

Gunshot wounds  Hematoma Pressure ulcer 

Bites and stings  Crush injuries  

 

The extension of disruption to skin relative to the underlying biotissues has been 
classified into four stages. Stage 1 is superficial impacting only the epidermis. Stage 2 
causes a disruption to the epidermis and dermis layer. Stage 3 extends to the 
hypodermis layer (subcutaneous layer) while stage 4 is damage that has reached the 
muscle and bone [78].  

2.1.3.2 Healing Process 

A disruption to soft tissue trigger receptors in the body giving rise to the healing 
process [79], altering the compartment ratio and cell activity. The body has a natural 
mechanism that controls the process of soft tissue healing through concomitant 
events. These events complete the healing phase, from anywhere between a few 
months to years, in acute soft tissue damage [80–85]. Factors disturbing this complex 
interrelated series of events can cause a delay in healing or evoke morbidity inducing 
mortality. Haemostasis initiates the process giving way to the inflammatory phase 
[83]. Achieving haemostasis results in the regeneration process beginning with the 
proliferation phase and then the remodelling phases. There is no defined beginning 
or end for the three final phases, rather they function with significant overlap [80,84]. 

2.1.3.2.1 Haemostasis and inflammatory phase 

Haemostasis is a momentary phase activating the clotting cascade triggering platelets 
and endothelial cells [81]. Vascular spasm and vasoconstriction attenuate the loss of 
blood; a platelet plug is formed filling the exposed area where coagulation forms a 
fibrin mesh and the blood solidifies into a clot. At this stage growth factors (i.e., PDGF, 
TGF, β, EGF, VGF, FGF), also referred to as cytokines, are released activating the MMP 
enzymes. During this phase extra cellular matrix (ECM) is formed serving as the 
storage and delivery of cytokines and enzymes. The cytokines and enzymes cross talk 
through messenger within the cells to promote proliferation and remodelling of soft 
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tissue [86]. Proceeding, the inflammatory phase builds the prevention of infection 
and is the most vital phase for the healing process.   

Inflammation is identified through an increase of blood flow to the injured area 
stemming from the build up of oedema through vascular and cellular cascades [81]. 
The vascular response produces the chemical mediators giving rise to vasolidation 
and vasopermeability. Thus, resulting in an increased exudate production in the ECF 
causing tissue oedema, a fluid composed of water and ions. The chemical mediators 
of the cellular response attract phagocytes to the area eliminating microbial 
pathogens and necrocytes. The main phagocytes in the cellular response are 
neutrophils and monocytes. Neutrophils constitute of granular polymorphonuclear 
leukocytes which are the primary phagocytes in the cellular response. These cells 
migrate to the injured area within the first hour and are active for the initial 48 hours 
ingesting the microbial pathogens. Monocytes differentiate into inflammatory (IM) 
and anti-inflammatory (AM) macrophages that are found in the ECF. IMs are effective 
about 48-72 hours after the trauma and hold TNF-α and IL-1β immune factors that 
phagocytize necrocytes. 72 hours post trauma AMs appear and are believed to hold 
pro-regenerative factors including TGF-β, VEGF and IL-10 supporting proliferation 
and remodelling [87–90]. 

2.1.3.2.2 Proliferation phase 

The proliferation phase is driven by the pro-regenerative factors derived from the 
inflammatory phase about 120 hours post trauma. Growth factors (i.e., TGF-β and 
PDGF) released from the haemostasis and inflammatory phase stimulate fibroplasia 
and angiogenesis inducing proliferation [91]. Endothelial cells, produced from the 
VEGF released in the inflammatory phase, generate neovascularization assisting in 
the repair of damaged blood cells. These fibroblasts form extracellular matrix 
proteins. Then they generate fibronectin and collagen aiding in wound contraction 
which fundamentally assists angiogenesis towards proliferation through MMPs 
(matrixen) released from the neutrophils. MMPs promote angiogenesis through 
liberation of VEGF and remodelling of the extracellular matrix (ECM) [92]. Collagens 
produced by fibroblasts are the essential proteins that strengthen the tissues. This 
phase further contributes to tissue oedema. The proliferation phase is responsible 
for re-epithelialisation taking days or weeks for the wound size to reduce and 
eventually close [93]. 

2.1.3.2.3 Remodelling phase 

Remodelling is primarily the process of refining the collagen and its corresponding 
ECM. During the deposition of  the collagen, it initially produces relatively weak fibrils 
with random orientation. This eventually regains a structure similar to unwounded 
tissue inducing tensile strength by replacing Collagen 3 with Collagen 1 [94]. 
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However, long term it can only reach 80% of the potential strength of unwounded 
tissue [95]. 

2.1.4 Skin temperature  

Autonomic thermoregulation regulates the thermal balance of the human body from 
the autonomic nervous system that is made up of the hypothalamus. In this process 
skin acts as an effector and receptor [96,97]. Thermoreceptors found in the skin sense 
a change in temperature triggering the necessary defence responses. The 
functionality of skin in thermoregulation remains controversial; it is uncertain 
whether it acts as a feedforward or feedback control. When the skin is considered as 
a feedforward system, the thermoregulation process is dependent on the skin 
temperature. Contrary to this, the skin temperature is dependent on the 
thermoregulation process when modelled as a feedback system [98]. 

Many factors influence the skin temperature. These include (i) the environmental 
temperature, (ii) the body core temperature, (iii) any skin conditions and (iv) the 
structure found beneath the skin. The underlying soft and hard tissues located 
beneath the skin is what causes the human body to have different skin temperature 
recordings relative to the part of the body. For instance, a higher skin temperature is 
expected over muscles, arteries and active organs; while a lower skin temperature is 
observed over (i) veins, (ii) organs at rest, (iii) bone or tendons and (iv) protruding 
parts [99]. 

A wound disrupts the regular bodily structure and functionality thus altering the skin 
temperature [100]. In order to fight any infectious agents, including viruses and 
bacteria, the immune response system of the human body reacts by increasing the 
body core temperature [101]. This increase in body core temperature affectively 
causes the skin temperature to increase; thus, the body’s response is to produce 
perspiration to cool the body down. The purpose of perspiration is to assist the body 
in maintaining its thermophysiological temperature. Another factor is the use of 
anaesthesia during surgery; this can decrease the body’s core temperature causing a 
reduction in skin temperature of the wound bed and the surrounding area (peri-
wound) [96]. 

A standardised threshold for thermophysiological skin temperature has yet to be 
defined. In 1936 Bierman [99] suggested a range of skin temperature varying from 
33.5 and 36.9 °C. Further research presented lower ranges of 30 – 34 °C [102–104]. 
The temperature of a healthy wound bed can vary within a 1 – 3 °C margin. A 
complication in the wound healing process can increase the wound bed temperature 
up to 4 – 5 °C while post infection temperature changes are minuscule ranging 
between 0.8 – 1.1 °C [96,105].  
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2.2 Wound care management 

2.2.1 Current clinical wound care management 

Wounds Australia is a non-government organisation for wound care and 
management in Australia. The organisation works with government and industry 
organisations to provide resources for appropriate wound care management. The 
‘Standards of Wound Prevention and Management’ is an evidence-based document 
providing a framework of guidelines set by Wounds Australia as a tool aiding clinical 
practices to develop an assessment procedure, specifically a wound assessment form 
[106]. The integrity of the biotissue of the wound bed and peri-wound area is 
continuously monitored by practitioners or nurses [107–110]. By conducting this 
assessment, the proper treatment is delivered to the patient accordingly. This 
treatment strongly depends on the condition of the wound as observed and assessed 
through these guidelines [111–113]. A summary of the guidelines can be found in 
Table 2.2. Ongoing assessment for criteria I – IV is fundamental for acute and chronic 
wounds while criteria V relates to chronic wounds.  
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Table 2.2 Summary of wound assessment guidelines.   

Type Criteria Rubric 

Ongoing assessment I. Individual  • Quality of life 
• Cognitive ability 
• Health literacy 
• General health history 
• Participation in self-care 

II. Risk of wound  • Skin damage 
• Skin colour change 
• Pressure indexes (i.e., ankle brachial 

pressure index (ABPI) and/or toe 
• Loss of protective sensation 
• Brachial pressure index (TBPI), and 

transcutaneous oxygen pressure) 

III. Wound • Wound dimensions 
• Characteristics of wound and peri-

wound area 
• Exudation 
• Assessment of wound infection 
• Classification of wound 
• Pain assessment 
• Evaluation of wound healing progress 

IV. Healing 
environment 

• Environmental factors (i.e., Temperature 
& Humidity) 

• Hygiene and risk to wound 
contamination (spread of infection) 

Diagnosis for delayed 
wound healing 

V. Chronic wounds • Histopathology 
• Diagnostic Imaging 

 

2.2.1.1 Clinical forms for wound care management 

A study into the development of a wound assessment form provides an indicator into 
the main observations required to be carried out by practitioners and nurses [114]. A 
significant portion of the form is based on visual assessment of the wound by 
practitioners and nurses. A pertinent example is the size of the wound. The 
practitioner measures the wound size (i.e., width, length and depth) with a 
disposable ruler, edge tracing or a dipstick swab. There is no standardisation as to the 
selection of reference points for these measurements; thus, it is subjective to the 
practitioners practice strategy.  

2.2.1.2 Limitations 

An advantage to the current clinical wound assessment and management standards 
is the service provided. Continuous monitoring of an acute wound by a team of 
practitioners and nurses provides a quality of care service to the patient. However, 
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this gives rise to certain drawbacks. Primarily, the assessment performed is subjective 
implying that the assessment completed is (i) subject to inconsistency and (ii) prone 
to human error resulting in poor prognoses that can lead to a variance in the 
treatment [115–117]. This can inconsequentially lead to a delay to the acute wound 
healing process. However, a more critical implication is the mistreatment of the 
wound resulting in a chronic wound that leads to morbidity, amputation or mortality 
[115,118–120].  

Continuous monitoring of an acute wound impacts the quality of life for a patient. A 
patient is required to visit a practitioner on a regular basis. This implies that the 
patient is inconvenienced by travelling to the clinic in addition to the waiting period 
at the clinic which can disrupt their daily routine. Moreover, the out-of-pocket costs 
related to the wound healing process can impact the financial aspect of their quality 
of life, not to mention the burden on government expenditure [121].  

It is vital to prevent an acute wound forming into a chronic wound. These problems 
associated with the subjective current clinical wound assessment and monitoring 
strategies need to be resolved. To accurately assess the integrity of the biotissue, a 
quantitative methodology must be adapted. By monitoring the wound objectively, 
proper treatment can be provided thus reducing the risks associated with poor 
prognoses.    

2.2.2 Diagnostic methodologies used to monitor wound healing 

Much research into real-time non-invasive diagnostic methodologies have attributed 
to the advancement of wound prevention and management. However, a vast amount 
of this research focuses on chronic wounds. Through a thorough search of literature, 
it appears that imaging tools are favoured. Figure 2.1 presents the wound healing 
process with the diagnostic methodologies mapped to the phase in which they are 
applied. 
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 Figure 2.1 Wound healing process, each phase is mapped to current diagnostic 
methodologies. 

2.2.2.1 Confocal laser scanning microscope (CLSM) 

The CSLM works by positioning a hand-held device above the wound to produce high-
resolution images [10]. By passing a laser beam through a light source aperture and 
using the focal plane of the objective lens, the beam is focused on the wound. When 
the beam is focused on the sample, part of the light will return through the objective 
lens due to the fluorescence of the sample. This is then passed to the detection 
system that detects the intensity of the light. The detected light may have a low 
intensity, thus a photomultiplier tube (PMT) detects and amplifies the signal 
converting it into an electrical signal producing the image [122,123].  

This tool has been used for skin tumours (melanoma and nonmelanoma) [10,11] and 
burns [12,13]. Its high resolution (about 1 μm) [14,15] gives insight into subcellular 
structures of the epidermis including the cellular, nuclear and tissue structure [16]. 
In addition, it can be used as a substitute for biopsies in analysing inflammatory 
infiltrates, tumours and capillaries of the underlying tissue [16]. However, this 
technology is limited to a small wound size [17], while its depth range is limited to 
350–500 μm thus restricted only to the uppermost layer of the dermis [18,19]. In 
addition, the process of capturing and evaluating a single image is time consuming 
averaging about 5-15 min [15]. This methodology is also confined for use only by 
trained medical staff, as a certain amount of knowledge is required in how to read 
and analyse the image produced from the equipment. Therefore, self-monitoring is 
not plausible. 
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2.2.2.2 Optical coherence tomography (OCT) and Cross-polarization optical 
coherence tomography (CP-OCT) 

Optical coherence tomography (OCT) is another non-invasive hand-held, computer 
assisted imaging diagnostic tool that can be adapted to monitor wounds [20]. It uses 
a low coherent length of light that is passed through an interferometer dividing it into 
two separate paths referred to as the reference arm and sample arm. Each individual 
light relating to these arms are passed through objective lenses in order to reach the 
focal point. The light of the reference arm is transmitted towards a mirror while the 
sample arm focuses on the biotissue under study (BUS). The reflected light of the 
reference arm from the BUS and from the mirror pass through the interferometer 
where they are combined and passed through to a light detector. The light detector 
then observes an interference pattern that is produced by the amalgamation of the 
reference and sample arms resulting in an image [21].  

OCT has a high resolution of about 2-15 μm with a depth penetration of about 2-5 
mm, thus is limited to the epidermis and dermis layer [20,22,23]. It can identify any 
disruption between the epidermis and dermis junction, and inflammation. Its 
penetration depth is also sufficient to identify specific dermal structures including 
sebaceous, sweat glands and vessels [24]. CP-OCT developed from OCT, can obtain 
more information on the tissue structure, such as information pertaining to collagen 
fibres [22]. It is considered a fast, high resolution tool that is low in cost and has been 
adapted for burns, pressure ulcers and surgical wounds [25,26]. 

2.2.2.3 Doppler ultrasound and ultrasound 

Doppler ultrasound is based on the principles of ultrasound imaging. A high frequency 
of sound waves is transmitted through the body using a probe. These waves travel 
through the body until they hit an object or boundary. Some of the waves are 
reflected to the probe while some continue to pass through the body until they hit 
another boundary in which they are also reflected. The reflected waves are used to 
form an image. This image is a representation of the distance of the objects relative 
to the travel time of the waves (i.e. calculate by speed and density) [124].  

A doppler ultrasound is used to measure moving objects including the direction of 
flow. This is possible by observing the changes in frequency of the reflected waves. It 
has been adapted to measure the blood flow associated with wounds [27,28]. 
However, this is also the limiting factor of doppler ultrasound as a diagnostic tool and 
as such is a feasible explanation to the limited research undertaken in wounds in 
recent years. 

Ultrasound as a diagnostic measures the dimensions of chronic wounds [17,29,30]. 
In addition, it has been used to measure skin thickness relating to the scar formation 
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formed in the proliferative phase [17]. However, it has a much lower resolution 
compared to OCT and CLMS [31]. This could be the explanation to a limited amount 
of research using ultrasound as a diagnostic methodology for wound healing in recent 
years.  

2.2.2.4 Laser doppler velocimetery and imaging (LDV and LDI) 

Laser Doppler has also been adapted to measure the blood flow through the 
instantaneous velocity. It works by sending a laser beam towards the biotissue under 
study and collects the reflected laser. A photomultiple tube detects the reflected light 
converting this energy into electrical energy, specifically current, used to measure the 
velocity [32].    

Even though this technology is limited to blood flow, it has been widely adapted to 
monitor chronic wounds such as pressure ulcers, venous leg ulcers and burn wounds 
[125–127]. However, Kairinos et al. in 2014 did a study indicating flawed measuring 
techniques of LDV when the biotissue under study is compressed [128].   

2.2.2.5 Thermography  

Thermography uses a lens to focus the infrared radiation emitted by the biotissue. 
This radiation is scanned and processed by infrared detectors converting and 
correlating this energy into an equivalent temperature pattern. This is then converted 
into an electrical signal that undergoes signal processing to convert this information 
into an image. The emission is a representation relating the various colours displayed 
to the intensity of the infrared emitted by the biotissue.       

Thermography is closely related to chronic wounds, specifically burn wounds and 
diabetic wounds and ulcers [129–132]. It has also been used to predict the oncoming 
of pressure ulcers [133]. However, thermography only provides information on the 
temperature that can be easily influenced by environmental factors and any surgical 
procedures, such as local anaesthesia which reduced the temperature [96].  

2.2.2.6 Summary and limitations 

A summary is presented in Table 2.3, where the diagnostic tools have been mapped 
to the associated research in wound healing. The condition of the wounds that have 
been monitored are firstly presented (acute/chronic) followed by the wound type. 
Followed by a list of the observed assessments mapped to the various phases 
involved in the wound healing process.  

CLSM, OCT and thermography are currently the mostly adapted technology in 
studying the wound healing process; although, previous research into doppler 
ultrasound and LDV have effectively presented their application in burn wounds. 
Nevertheless, there are several drawbacks to these technologies. Firstly, these 
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methodologies require an expert to interpret the image for a diagnosis. In addition, 
the technology can be complicated and, in some instances, bulky thus making them 
costly and inconvenient for point-of-care applications. Moreover, the process in 
capturing the image and making a diagnosis can be slow. In many instances, another 
drawback is that the methodology simply focuses on the wound bed and peri-wound 
area. By adapting BIA as a diagnostic tool, the electrical properties of the wound can 
be analysed. Provided that electrical current flows through the body, there is an 
increased awareness of the body’s physiology and its response to the disruption of 
the skin integrity. By monitoring the electrical properties from early on, it can be 
adapted for the prevention of poorly managed acute wounds transforming to chronic 
wounds. It’s ability to monitor real-time electrophysiological properties has drawn 
much attention into its application as a diagnostic tool for monitoring the integrity of 
soft biotissue.   
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Table 2.3 Summary of non-invasive diagnostic tools. 

Non-Invasive Diagnostic Tool Acute / Chronic Wound Type Assessment Wound Phase 

Confocal microscopy Acute and 
chronic 

Burn, superficial and deep 
dermal skin wounds 
[10,13,122,123]  

Blood flow, skin thickness, oedema, burn 
depth 

Inflammation (vascularization, and formation 
of keratinocytes), proliferation  

OCT Acute and 
chronic 

Burn, diabetic, surgical 
[20,25,26] 

Oedema, skin thickness, scar types, wound 
size 

Inflammation (vascularization), proliferation 
(re-epithelization, collagen deposition) 

Doppler ultrasound and 
ultrasound 

Acute and 
chronic 

Burn, surgical, venous leg 
ulcers [27–30]  

Skin thickness, scar types  Proliferation (collagen synthesis) 

Laser doppler velocimetery and 
imaging 

Chronic Burn, diabetic, pressure 
ulcers, vascular pressure 
ulcers [125–127]  

Blood flow Proliferation (angiogenesis) 

Thermography Chronic Burn, diabetic, pressure ulcers 
[129–132]  

Temperature, oedema, burn depth Inflammation, proliferation 
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2.3 Bioelectrical Impedance Analysis (BIA) 

The electrical properties of biological soft tissue are classified into passive responses 
(bioimpedance) and active responses (bioelectricity). Bioelectrical impedance 
analysis (BIA) is the measure of the biotissue’s resisting electric current flow. It is 
considered passive by cause of the conductive biological tissue responding to an 
external electrical current. Contrary to this, bioelectricity is active and electricity is 
conducted from ionic activities in the ICF and ECF [134,135].  

Research into BIA for soft biotissue is demonstrated using direct current (DC) and 
alternating current (AC) methodologies. Despite studies proving that DC analysis is 
efficient, AC is commonly adapted permitting current to flow through the body more 
easily [136]. Although BIA is commonly used with an AC source, research has proven 
that a DC source permits detection of inflammation [136]. DC current supplies a 
unidirectional constant current. For an AC circuit, the variation of the current over 
time is fed through a sinusoidal waveform thus signifying a switch in polarity including 
back and forth oscillations based on a frequency. Frequency refers to the number of 
times the waveform repeats over a time period of one second. For BIA, a discrete 
frequency is commonly applied namely single frequency BIA (sfBIA) [45,74,137–139]; 
although, a broad spectrum of frequencies, known as multi frequency (mfBIA) is vital 
in examining the current path through the ICF and ECF [80] differentiating the regions 
in soft tissue thus setting the foundation for spectroscopy, tomography, and 
bioelectrical impedance vector analysis (BIVA). 

2.3 BIA for soft biotissues 

2.3.1 Frequency Classifications 

The frequency for BIA is classified into α-β-γ dispersions. This important in being able 
to differentiate the regions of soft tissue into three compartments [140]. Below 100 
kHz, the frequency range of the α-dispersion is associated with the ECF. With the β-
dispersion, frequencies ranging between 100 kHz to 10 MHz, the charge passes 
through the ICF and ECF; thus, cell health and integrity [141] can be detected. The γ-
dispersion relates to a variety of tissues and protein solutions above 1GHz; a 
subsidiary dispersion effect (δ-dispersion) ranging from about 100 Mz to some GHz 
refers to polar subgroups of proteins and amino acids [140]. The α-β dispersions are 
applied to BIA measurements.  

For BIA, α-dispersion and β-dispersion are classified as low frequency and high 
frequency current, respectively. A logarithmic frequency sweep is preferable in 
mfBIA, this could be due to the correlation of the distribution of frequency points to 
the occurrence of the largest changes in the dielectric properties [142]. This study 
indicates that by using a logarithmic scale, the frequency points are distributed 
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allowing for more points to lie within the frequency regions associated with greater 
variances in dielectric properties. The salt ions contained in the ICF and ECF give rise 
to a high conductivity activity in biotissues. In the α-dispersion range, the lipid 
membrane of cells acts as an insulator allowing the flow of current through the 
extracellular space resulting in a higher Z due to the lower ratio of ECF in the biotissue 
(refer to section Cells and action potential). For high frequencies found in the β-
dispersion, the current passes the lipid membrane of the cell entering the 
intracellular space and continues through adjacent cells, passing through ECF and ICF, 
subsequently lowering Z due to the accumulation of conductive ions in both spaces 
[143].  

To summarise, BIA can provide information on the properties, specifically the 
integrity, of the plasma membranes and cell volumes through the ECF and ICF in real 
time establishing non-invasive prognostic information as a diagnosis tool [144]. This 
information has led to the characterisation of biotissue in terms of electrical circuit 
modelling providing a more visible understanding of its structure and functionality 
[140,145–147].  

 

Figure 2.2 Current passing through (a) the ICF + ECF (β dispersion) and (b) the ECF (α 
dispersion) with (c) circuit equivalence of the methodology. 

 

2.3.2 Electrical circuit models 

Impedance is a complex measurement of the resistance of current flow in a 
conductor based on Ohm’s law. Adapting BIA to a BUS, a conductive path is created 
allowing a charge to continuously move through it. A force initiates this flow of 
charge, where the force is referred to as the voltage (V) and the flow of charge is the 
current (I). When the charge flows through a conductor, such as the BUS, it often 
encounters an opposing force. For a DC circuit this is referred to as the resistance (R) 
while in an AC circuit this is the impedance (Z). Resistance and impedance are a 
quantity relative between two points. Ohm’s law relates these three measurements 
depicted in Equation 2.1 and Equation 2.2 for DC and AC circuits, respectively.   

 

! = !
" [$],        Equation 2.1 
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|'| = !
" [$].        Equation 2.2 

 

Biotissues and cells can be represented through a collection of electrical components, 
specifically resistors and capacitors. Resistance measures the opposition of the flow 
of current through a conductor. A resistor is usually depicted by the geometry of a 
cylinder, refer to Equation 3. 

! = ( #
$ [$],        Equation 2.3 

where: ( represents the materials resistivity of the cylinder; L, the length; and A, the 
cross-sectional area. 

A capacitor is a component that stores and releases charge. It is composed of two 
electrical conductors which store the charge and is separated by an insulator 
(dielectric material). By sending a current through a capacitor, it stores the charge 
until it is full resulting in the charge being released. A capacitor can be depicted as a 
cylinder or as a cube and cuboid. A cylindrical capacitor has a core conductive 
cylindrical plate, wrapped in an insulator and a conductive plate in its outer layer. A 
cube and cuboid capacitor are simple, consisting of an upper and lower conductive 
plate separated by an insulator. 

A capacitors ability to store an electrical charge is measured in terms of capacitance. 
The associated capacitance formulae for the cylindrical and cube/cuboid capacitors 
are described by Equation 2.4 and 2.5, respectively. 

) = %&'#
()*!"!#+

[*],        Equation 2.4 

where: + is the absolute permittivity of the dielectric material of the cylinder; L, the 
cylinders length; ro, the radius measured from the centre of the capacitor (inner 
conductive plate) to the point where the outer conductive plate begins; and ri, the 
radius of the inner conductive plate. 

) = + $, [*],        Equation 2.5 

where: + is the absolute permittivity of the dielectric material; A, the conductive 
plates area; and d, the distance in-between the two conductive plates. 

For an AC circuit, reactance refers to the opposition of current flow relating to a 
capacitor and is depicted by Equation 2.6.  
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,- = ./
%&0- [$],        Equation 2.6 

where f presents the frequency and C is the capacitance.  

Fricke et al. [141] were the first to publish work on an electrical model of a biotissue 
using platinum electrodes for a frequencies between 800 Hz and 4 MHz, associated 
with the α-β dispersion. They proposed a circuit model for blood based on 
experimental data on blood in vitro that is commonly adapted in much of the current 
research. His model is represented by the cell membranes capacitance in series with 
the ICF resistance, parallel to the resistance of the ECF (Figure 2.3b). 

Schwan et al. studied the polarization impedance of electrodes on a biotissue in vitro 
using a dipolar configuration with platinum electrodes for a frequency range between 
0.01 and 100 kHz, correlating to the α-dispersion. From this model, they were able to 
explain the impact of this phenomenon on the capacitive and resistive properties of 
biotissue. The capacitive properties of biotissues are at a greater magnitude smaller 
than the resistive properties; thus, the electrodes polarization impedance greatly 
impacts the capacitance of the biotissue more than the resistance. Their model 
depicted a sample biotissue as a simple RC circuit in parallel [144] (Figure 2.3a).  

In 1998, Gimsa et al. [148] further developed these models incorporating the 
frequency behaviour of dielectrophoresis and electrorotation of the β-dispersion 
(reaching 10 MHz) describing Maxwell-Wagner dispersions. Their model is based on 
a half model of a cell where the ECF and ICF are separated into branches. There is a 
branch to represent the ECF while another branch refers to ICF, this model takes into 
consideration the electrodes in a tetrapolar configuration (Figure 2.3c). 

From the first model until now, variances of Fricke et al. [141] and Schwan’s [144] 
models have been presented. Trung et al. [149] proposed that the current passing 
through the cell membrane was composed of the membrane capacitance in parallel 
to the cell resistance based on Schwan’s model. The ICF is simply presented by a 
resistance in series to the two boundary RC circuits. This is in parallel to the resistance 
of the ECF. By simplifying the model, the resistance was considered negligible and 
this was transposed to Fricke’s model. Fricke et al.’s simplified model is often referred 
to for simplicity and widely adapted to present the biotissues ECF, ICF resistance and 
cell membrane capacitance [149–153].  



 

 23 

 

Figure 2.3 Equivalent circuit models (a) Schwan et al. [144], (b) modified Fricke et al. 
[141,149] and (c) Gimsa et al. [148]. 

These models represent a flow of electrons travelling through the salt ions in the ICF 
and ECF. A resistance is identified in the ECF (Re) in addition to a resistance in the ICF 
(Ri) in series with a capacitor (C) that represents the capacity of the cell membrane. 
Through complex mathematical analysis, this can be simplified into an equivalent 
resistor and capacitor (RC) in series circuit [154].  

Mylott et al. deduced the following equations [109]:  

!100 = 2$2#(2$2#)52$-%
(2$52#)%5-%

      Equation 2.7 

,-100 = 2$%-
(2$52#)%5-%

       Equation 2.8 

For the remainder of this paper, Reff and XC eff will be referred to as R and XC. 
Representing the BUS as an RC circuit in series, the impedance (Z) is determined as a 
total resistance of the two components described mathematically by Equation 2.9. 
Equation 2.10 represents the phase angle (φ) which is the delay between the electric 
potential and current waveform. This relates to the cell membrane integrity and the 
body cell mass. φ strongly correlates to a resistive behaviour if it approaches 0, or a 
capacitive behaviour if it approaches -90°. A typical RC circuit is characterised as a 
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complex vector located in the fourth quadrant in the cartesian system. From this 
vector graph, the relationship between R, XC, Z and φ can be clearly presented. This 
provides the basis for the Cole-Cole plot [155]. 

 

|'| = .!% + ,-%       Equation 2.9 

0 = 123./ 46&2 5       Equation 2.10 

 

2.3.3 Cole – Cole model and plot  

The circuit derived by Fricke et al. [141] can be transformed into a Cole-Cole 
equivalent circuit model for a frequency sweep. This is represented in term of the 
BUS’s performance as a short circuit and an open circuit, represented by R0 and Rinf 
respectively. Typically, this model is represented by a resistance that is equivalent to 
the difference between R0 and Rinf in parallel with a constant phase element and in 
series with Rinf [156]. The constant phase element represents the non-ideal 
capacitance of the cell membrane. This model has been adopted to the Fricke model, 
and is commonly referred to as the Cole-Fricke-Cole model [157–160] (Figure 2.4a). 

Lafargue et al. [161] extended the Cole-Cole (Cole-Fricke-Cole) model based on whole 
body experimental measurements for a frequency ranging between 1 – 250 kHz. This 
model is depicted by the ICF resistance in series with the cell membrane capacitance 
in parallel to a node with a resistance in series with an inductor which is parallel to 
the resistance of the ECF [148]. Comparing the Extended Cole-Fricke-Cole (ECFC) and 
Cole-Fricke-Cole (CFC) model to the experimental data, the discrepancy was 
significantly reduced by the ECFC model (Figure 2.4b). Despite this model not 
accurately representing the experimental data, it was observed that the frequency 
threshold was reproducible.  

 

Figure 2.4 Equivalent circuit models (a) Cole-Fricke-Cole [162] and (b) Extended Cole-
Fricke-Cole [161] . 
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The Cole-Cole circuit model is the basis for plotting mfBIA measurements. This plot is 
named after the model, the Cole-Cole plot and is equivalent to a Nyquist plot, Argand 
and Wessel diagram. It plots the measured R and XC on the x and y axis respectively 
across the frequency sweep from low to high. By plotting R against XC on a Cole-Cole 
plot, the characteristic frequency (fC) can be determine where the maximum 
reactance occurs [163] relating to the capacitance pole (where the capacitance 
reaches a maximum). From this, the associated R and XC for fC are obtained. Moving 
across the Cole-Cole plot, R and XC can be obtained for any frequency. This applies 
only to mfBIA where a frequency sweep is applied. The advantage of the Cole-Cole 
plot is that two Bode plots can be visualised on one plot, relating to R and XC.  

From the electrical circuit model representations, the plot is in the fourth quadrant 
where R is a positive integer and XC is negative. For simplicity, the Cole-Cole plot is 
commonly presented in the first quadrant; however, the reactance should be 
recorded as a negative value [155] as shown in Figure 2.5.  

 

 

Figure 2.5 Cole Cole plot. 
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2.3.4 Equipment 

Various specialised equipment can be used to measure body impedance. Impedance 
analysers are commonly adapted in research; however, LCR bridges and 
potentiostats associated with electronics and the latter electrochemistry can be 
adapted. Most commercial BIA systems developed for total body weight (TBW) 
measurements are limited to a single current although they provide more 
information relating to biotissues. The ImpediMed SFB7 is commonly used for BIA; 
for use in sfBIA and mfBIA. In mfBIA R and XC are visualised in a Cole-Cole plot where 
an algorithm is applied to form a smooth contour fitting these measurements. From 
this contour the characteristic frequency is located, and its associated parameters are 
identified, refer to Table 2.4.  

Table 2.4 BIA parameters of SFB7 

BIA 
Parameter 

Measurement Unit 

R Resistance Ω 

XC Reactance Ω 

fC characteristic Frequency kHz 

Z Impedance Ω 

φ Phase Angle ° 

Re (R0) Extracellular Resistance (Resistance at 0 
frequency) 

Ω 

Rinf Resistance at infinity Ω 

Ri Intracellular Resistance Ω 

MC Membrane Capacitance pF 

Rad Radius Ω 

 

Freeborn et al. [164] studied the accuracy of an SFB7 compared to the Keysight 
E4990A by testing various resistors ranging from 1 to 50 Ω for frequency ranges 
including: (i) 3 – 10 kHz, (ii) 10 – 100 kHz and (iii) 100 – 1 MHz. For resistors between 
10 and 50 Ω, its relative accuracy for the frequency ranges were: (i) 1%, (ii) 1% and 
(iii) 5%. However, it was concluded that SFB7 is suitable for local BIA applications. In 
addition, it was shown to be insensitive to temperature ranges from 10 °C to 35 °C. 
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2.3.5 Bioimpedance analysis on soft tissue damage 

Although a vast amount of research into monitoring soft biotissue adapt sfBIA, 
current research is directed into mfBIA. These two methodologies have been studied 
as a diagnostic tool to monitor muscle gap and injuries [137–139,165], fractures 
[166], biotissue abnormalities [74,167–169], diseases [134], inflammation [44] and 
wounds [36,38,40,45,170]. For this review, recent research (dated from 2007 
onwards) in BIA for soft tissue integrity was tabulated and presented in Tables 2.5 
and 2.6. Table 2.5 presents the research undertaking in monitoring injuries, muscle 
gap, oedema and blood flow while Table 2.6 is specifically for wounds. Figure 2.6 
presents the timeline of when BIA was initially adapted in research where the study 
of soft tissues began on muscles in 2007. 

 

Figure 2.6 BIA timeline. 
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Table 2.5 BIA diagnosis for injuries, muscle gap, oedema, blood flow 

Author Bartels, Sorensen and 
Harrison [163]  

King, Clamp, 
Hutchinson and Moran 
[44]  

Nescolarde, Yanguas, 
Lukaski, Alomar, 
Rosell-Ferrer and 
Rodas [137]  

Nescolarde, Yanguas, 
Lukaski, Alomar, 
Rosell-Ferrer and 
Rodas [138]  

Nescolarde, Yanguas, 
Terricabras, Lukaski, 
Alomar, Rosell-Ferrer 
and Rodas [139]  

Hui and Petrofsky 
[136]  

Hypothesis mfBIA can detect 
contralateral 
differences in muscle 
mass 

BIA of the lower limb 
measuring swelling 
from an acute ankle 
fracture 

Muscle injury indicates 
a lower R, XC and φ in 
localised BIA relative 
to the injury severity; 
analysing return to 
play (RTP) 

Change in BIA 
parameters, 24 h after 
muscle injury relative 
to injury severity 
diagnosed by objective 
radiological 
assessment 

Muscle injury severity 
relating to muscle gap 
that can measure 
return to play (RTP) 

Determining muscle 
injury using direct 
current and 
microcurrent  

Subjects 
i. n 

ii. Subject 
Description 

iii. 
Anamnesis 

 

 
i. 3 (S1-S3) 

ii. Human 

iii. S1 healthy; S2 

Inflammation of the 
Achilles tendon in the 
right leg over a period 
of 1.5 years; S3 
Suffered minor muscle 
injury in the right leg 2 

 
i. 14 

ii. Human 

iii. Isolated closed 
ankle fracture 
sustained in the 
preceding 5 days with 
no history of 
significant swelling, 
disease, injury, or 
surgery of either leg 

 
i. 3 (S1-S3) 

ii. Human 

iii. S1 Grade III muscle 
injury – post trauma 
caused hematoma 
requiring surgical 
drainage and double 
fasciotomy; S2 

Grade II muscle injury - 
partial detachment of 
medial head of the calf 

 
i. 21 

ii. Human 

iii. 21 muscle injuries: 
11 grade I, 8 grade II 
and 2 grade III 

 
i. 22 

ii. Human 
iii. 22 muscle injuries 
(myotendinous or 
myofascial): 12 
hamstrings, 6 rectus 
femoris, 3 adductor 
longus and 1 
gastrocnemius  

Grade II (n = 7): small 
area of oedema, (<10% 

 
i. 34 (healthy n = 24; 
injured n = 10) 

healthy n = 14 – blood 
flow testing; healthy n 
= 10 – reliability 
testing; injured n = 10 

ii. Human 

iii. Sprained ankle with 
visible swelling around 
one ankle only 
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weeks prior to the 
measurement 

from its common 
aponeurosis with the 
soleus, hematoma 
present in MRI; S3 
Grade I muscle injury – 
strain 

of cross-sectional area 
(CSA) of the muscle 
affected and < 5cm of 
craniocaudal length); 
no gap 

Grade IIf (n = 8): 
moderate amount of 
oedema, (10-50% of 
CSA and  5 – 15 cm of 
length); with a feather 
like image and no gap 

Grade IIg (n = 7): 
moderate amount of 
oedema, (10-50% of 
CSA and 5 – 15 cm of 
length); with a feather 
like image and gap 

Reference Uninjured leg Uninjured leg Localized BIA was 
determined at major 
muscle sites of the 
lower limb 30 min 
before a training 
sessions, 24 h after 
injury, and during 
recovery until medical 

Uninjured limb Uninjured limb Opposite limb 
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clearance to return-to-
play (RTP) 

Equipment ImpediMed SFB7 BODYSTAT DualScan 
2005 

AKERN-Srl BIA-101 AKERN-Srl BIA-101 AKERN-Srl BIA-101 Prototype Zone Finder 
from Mettler 
Electronics 

Current 
i. Source 

ii. Current 
Supply 

 
i. AC  

ii. 250 μARMS 

 
i. AC  

ii.  

 
i. AC 

ii. 400 μARMS 

 
i. AC 

ii. 400 μARMS 

 
i. AC 

ii. 400 μARMS 

 
i. DC  

ii. 9 V 

Frequency 

i. sfBIA / 
mfBIA 

ii. 
Frequency / 
Frequency 
Range 

i. mfBIA 

ii. 256 frequencies 
between 4 kHz and 
1000 kHz; detailed 
analysis was 
performed at 50kHz (α 
dispersion) 

i. sfBIA 

ii. 5 kHz (α dispersion) 
and 200 kHz (β 
dispersion) 

i. sfBIA 

ii. 50 kHz (α dispersion) 

i. sfBIA 

ii. 50 kHz (α dispersion) 

i. sfBIA 

ii. 50 kHz (α dispersion) 

N/A 

Electrodes 

i. Poles 

ii. Size 

iii. Material 

S1 

i. Tetrapolar 

ii. 10 mm × 25 mm 

 
i. Tetrapolar 

ii. 5 cm2 

iii. 

 
i. Tetrapolar  

ii.  

iii. Ag/AgCl (3M Red 
Dot Adult Solid Gel 

 
i. Tetrapolar 

ii.  

iii. Ag/AgCl (COVIDIEN 
Ref. 31050522) 

 
i. Tetrapolar 

ii.  

iii. Ag/AgCl (COVIDIEN 
Ref. 31050522) 

 
i. Dipolar 

ii.  

iii. Cotton pads soaked 
with 0.9% saline 
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iv. 
Placement 

iii. Platinum + 
conductance paste 
(Ten20, Weaver & Co) 

iv. Over m. 
Gastrocnemius; 
current electrodes 
placed outer-most and 
voltage-sensing 
electrodes 10 mm 
inside away from them 

S2 

i. Tetrapolar 

ii. 44 mm × 22 mm 

iii. Ag/AgCl (Ambu Blue 
Sensor N) + integrated 
gel 

iv. Over m. 
Gastrocnemius 

S3 

i. Tetrapolar 

ii. 49 mm × 33 mm 

iv. Proximal electrode 
was placed lateral to 
the tibial tubercle, with 
a second placed 7.5 cm 
distal. The most distal 
electrode was placed 
on the dorsum of the 
foot at the base of the 
second toe, with the 
remaining electrode 
7.5 cm proximal to 
this. 

Electrode 2239) + 
Stainless Steel Snap 

iv. Anatomical 
landmarks were 
identified by palpation 
and reference 
distances as follows: 

A. Calf: 5 cm (I) and 10 
cm (V) distally from the 
popliteal line and 
proximal from the 
posterior 
intermalleolar line 

B. Proximal 
hamstrings: 5 cm (V) 
proximally and distally 
to the point of 
maximum pain and 
injecting electrodes (I) 
were positioned 
adjacent to the others 

iv. Voltage sensors (V) 
placed 5 cm proximally 
and 5 cm distally from 
the centre of injury, 
and the source and 
sink electrodes 
positioned close to the 
others 

In vastus intermedius 
where the muscle is 
anatomically deeper, 
voltage sensors (V) 
placed 10 cm 
proximally and 10 cm 
distally from the 
centre of the injury 
and source and sink 
electrodes (I) were 
placed close to the 
others 

In adductors where the 
injury is close to the 
groin, voltage sensors 
(V) placed 5 cm 
medially and 5 cm 
laterally from the 

iv. Voltage sensors (V) 
placed 5 cm proximally 
and 5 cm distally from 
the centre of injury, 
and the source and 
sink electrodes 
positioned close to the 
others 

In vastus intermedius 
where the muscle is 
anatomically deeper, 
voltage sensors (V) 
placed 10 cm 
proximally and 10 cm 
distally from the centre 
of the injury and 
source and sink 
electrodes (I) were 
placed close to the 
others 

Centre of the injury 
was determined by 
ultrasound 

 

iv. Blood flow testing 
2.54 cm at 226.8 g 
pressure (i.e., the cuff 
was inflated to 200 
mmHg to create 
ischemia), reliability 
testing: 2.54 cm and 
5.08 cm between the 
probes 

Injury testing: 2.54 cm 
separation with 2.2 N 
pressure 
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iii. Ag/AgCl (Ambu Blue 
Sensor SU) + 
conductance paste 
(Ten20) 

iv. Over m. 
Gastrocnemius 

centre of the injury 
and current source and 
sink (I) close to the 
others 

Centre of the injury 
was determined by 
ultrasound 

 

Stance 
Parameters 

Standing, supine, 
sitting – feet free on 
floor, sitting – feet 
touching floor 

Supine Supine for 15 min 
before BIA 
measurement – room 
temp 22°-24° 

Supine for 15 min 
before BIA 
measurement – room 
temp 22°-24° 

Supine for 15 min 
before BIA 
measurement – room 
temp 22°-24° 

Sitting with knees 
extended, allowing 
easy access to feet 

BIA 
Parameters 

Z, R, XC, φ, fC, Re, MC, Ri Z R, XC, φ R, XC, φ R, XC, φ μΑ 

Repeated 6 times with a 1 sec 
interval 

1 time for injured and 
uninjured leg 

S1 

24h post trauma 

13 days post-surgery 

16 days post-surgery 

30 days post-surgery 

75 days RTP 

S2 

  Opposite limb 
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24h post trauma 

13 days 

20 days 

30 days RTP 

S3 

24h post trauma 

5 days 

9 days RTP 

Reference 
Point 

Area Circumference 
Method 

Area Circumference 
Method, Area 
Photograph Method, 
Volume Displacement 
Method 

MRI MRI MRI  

Conclusion 1. Ag/AgCl electrodes 
showed reduction in 
BIA parameters (Z, R, 
XC and φ), SU type + 
conductance paste 
found to be the least 
effective 

1. Injured group:  Z 
was lower in the 
injured leg compared 
to uninjured leg  

2. BIA correlated best 
with the water volume 
displacement method 
followed by 

1. The greater the 
severity of muscle 
injury the greater the 
R, XC and φ 

2. R, XC and φ do not 
reach same levels as 
prior to injury 

1. R indicates the ECF 
and electrolyte 
composition, XC 
indicates the cell 
membrane mass and 
function and φ the cell 
membrane vitality 

1. Increase in severity 
predicted greater 
decrease in L-BIA 
measurements 

2. Increase in XC 
indicates epidermal 

1. Blood flow response 
to five minutes of 
occlusion, after 
occlusion blood flow 
increases by at least 
fifty-fold showed a 
slight decrease in μA 
and did not change 
significantly for 30 
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2. Changing subjects 
position relating to 
stance parameters, BIA 
results increased (Z, R, 
XC and φ) 

3. φ adapted being 
independent of body 
mass and size 

4. Through 
circumference 
measurements injured 
legs for subjects #1 
and #2 were slightly 
atrophied 

5. Low R in relation to 
Z indicates oedema 

circumference and 
photographic cross-
sectional methods 

3. Unable to 
demonstrate 
correlations between 
the fracture 
mechanism, 
classification, or time 
from injury and any of 
the measurements of 
swelling, possibly 
because of the small 
sample size  

4. Lower Z implies 
oedema 

3. Subject #1, R 
reduced 24 h post 
injury then 13 days 
post-surgery returned 
to normal due to the 
fluid drainage 

4. Decrease in XC 
related to damage to 
integrity of muscle 
structures; decrease in 
R related to fluid 
accumulation 

2. Reduction on the 
three parameters due 
to injury XC and φ - the 
more severe the injury 
the greater the 
reduction, although for 
R, grade II injuries 
showed a greater 
reduction to grade I, 
yet grade III showed 
less reduction to grade 
II although n=2 for 
grade III; GIII.I had a 
20.6% decrease and 
the GIII.II only had a 
7.5% decrease; where 
GIII.I decreased more 
than most grade II 
samples  

3. Amount of oedema 
on the MRI indicative 
of severity of injury is 
debatable, since 
oedema has been 
present at the time of 
RTP; in contrast, XC 
could be a more 

proliferation and 
granulation 

3. R proportional to 
the fibrin clot and 
epithelialization and 
indicates successful 
wound healing 

4. The greater the φ 
the healthier the cell 
membranes 

5. Significant changes 
in XC more important 
to muscle injury than R 
and φ 

seconds after cuff was 
deflated; little change 
observed in the short 
period of time of 
occlusion and after 
blood flow was 
restored 

2. Probe separation 
created insignificant 
differences 

3. Measurements over 
injured areas 
decreased 

4. μA independent 
from blood flow 

5. Increase in R in 
ischemia tissue due to 
hypoxia from increased 
inflammation from 
increased metabolic 
activity and decreased 
blood supply; not due 
to oedema 
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sensitive and specific 
indicator 

6. Increase in pressure 
of probes altered 
results 

7. Some factors that 
influence this current 
flow were the DC 
current which may not 
overcome the 
resistance of the skin 

*s-subject 
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Table 2.6 BIA diagnosis for wounds 

Author Lukaski, Moore [45]  Kekonen, Bergelin, 
Eriksson, Kaartinen, Viik 
[37]  

Kekonen, Bergelin, 
Eriksson, Vaalasti, Ylanen, 
Viik [38]  

Kenworthy, Phillips, 
Grisbrook, Gibson, Wood, 
Edgar [43]  

Kenworthy, Grisbrook, 
Phillips, Gittings, Wood, 
Gibson, Edgar [42]  

Hypothesis BIA to monitor cellular 
processes involved in 
wound healing 

Z ratio of control and 
wound to monitor wounds, 
as wound heals Z ratio 
approaches 100% 

Z ratio of control and 
wound to monitor wounds, 
as wound heals Z ratio 
approaches 100% 

R and φ will increase with 
oedema related to burn 
wound healing 

 

Subjects 
i. n 
ii. Subject 
Description 

iii. Wound 
Type 

iv. Wound 
Size; 

L-length, W- 
width, D-
depth, DM-
diameter; mm 

 

 
i. 3 
ii. Human  

iii. S1 Chronic Wound; S2 
Post-surgical wound and 
skin graft; S3 Infected 
wound (methicillin-
resistant Staphylococcus 
aureus (MRSA) 

iv. L:W:D S1 19:17:2; S2 
25:25:100; S3 25:25:4 

 
i. 1 
ii. Human 

iii. Post-surgical wound 
after breast reconstruction 
– horizontal wound 
extending from surface to 
deep fascia   

iv. 

 
i. 4 
ii. Human 

iii. S1 Needle puncture; S2 
Epidermal scratch; S3 
Epidermal scratch; S4 Post-
traumatic wound  

iv. S1 DM 0.35, D 5; S2 DM 
0.3, D dermis; S3 DM 0.3, D 
dermis; S4: L:W:D 
70:20:dermis/subcutis   

 
i. 28 
ii. Human 

iii. Minor limb burns (<5% 
TBSA) 

iv. Superficial partial 
thickness (n=9), mid dermal 
(n=11), deep partial 
thickness (n=6) and full 
thickness (n=2) 

 

 
i. 28 

ii. Human 

iii. Minor limb burns (<5% 
TBSA) 

iv. Superficial partial 
thickness (n=9), mid dermal 
(n=11), deep partial 
thickness (n=6) and full 
thickness (n=2) 
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Reference 
Point 

 Healthy skin close to wound Healthy skin   

Equipment Quantum IV, RJL Systems Solartron 1294A, 1260 FRA Solartron 1294A, 1260 FRA SFB7 SFB7 

Current 
i. Current 
Source 

ii. Current 
Supply 

i. AC 
ii. 800 μARMS  

i. AC 
ii. 0.4 VRMS 

i. AC 
ii. 0.4 VRMS 

i. AC 
ii. 250 μARMS 

i. AC 

ii. 250 μARMS 

Frequency 

i. sfBIA / 
mfBIA 

ii. Frequency / 
Frequency 
Range 

i. sfBIA 

ii. 50 kHz 

i. 1 Hz – 1 MHz 
ii. 

i. 10, 100, 1 k, 2.5 k, 6.3 k, 
10 k, 25 k, 40 k, 63 k, 100 k 
ii. 

i. sfBIA 
ii. 3 kHz -1000 kHz 

i. sfBIA 

ii. 3 kHz -1000 kHz 

Electrodes 
i. Poles 

ii. Size 

iii. Material 

iv. Placement 

i. Tetrapolar 
ii. 

iii. 

iv. Outer distal current 
source and sink placed 
10mm adjacent to inner 
distal voltage sensors that 

i. Tetrapolar 
ii.  

iii. 

iv. 4 cm apart – one pair (V 
source and V sensor) on 
both sides of wound 

i. Dipolar 
ii. 16 x 19 mm 

iii. Ag/AgCl 

iv. Local – measurements 
not specified 

i. Not mentioned 
ii. 

iii. Ag/AgCl 

iv 

i. Tetrapolar 
ii. 

iii. Ag/AgCl 

iv. a. whole body electrode 
placement 
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are located on the edge of 
the wound 

b. whole limb segmental 
placement 

c. voltage sensors localised 
on longitudinal axis and 
current source and sink 
(drive electrodes) on foot 
and hand 

Stance 
Parameters 

Supine Supine Not specified Supine Supine 

BIA 
Parameters 

R, XC, φ Z ratio between wound and 
control  

Z ratio between wound and 
control 

R0, Rinf, Ri R0, Rinf, Ri 

Follow Up 24 hrs  

S1 – 40 days 

S2 – 80 days, placement of 
graph about day 18 

S3 – 125 days 

5 measurement points per 
decade - every 3 days over 
a 9-day period, starting 
from first postoperative day 

S1 – 1 day 

S2 – 6 days 

S3 – 23 days 

S4 – 93 days (147 control) 

 Initial measurements within 
96h of injury, within 14 
days 

Reference 
Point 

  Visual assessment 
(photography) 

Limb segment volume Limb segment volume 

Conclusion 1. S1 serial changes in 
parameters. General 
pattern longitudinal 
increase in R, XC and φ 

1. Ratio adapted for this 
analysis approaches 100% 
as the wound heals  

1. S1 Needle puncture: 
lowest frequency results in 

1. φ and Ri not significantly 
associated with wounds 

1. Localised electrode 
positioning most valid 
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related to uncomplicated 
healing.  Relative to 
increased cell mass, 
epithelialization and 
decreased ECF. 

2. S2 Serial changes in 
parameters. Short term 
decreases following skin 
graft followed by increase.  

3. Serial changes in 
parameters. Infections 
increases ECF and 
decreases cell numbers. 

4. R is inversely 
proportional to ECF and 
directly proportional to cell 
mass.  

5. XC increases through 
proliferation and 
granulation while 
decreasing with infection.  

6. φ proportional to cell 
membranes integrity.  

difference of Z from ratio 
(10 Hz) 

2. S2 – S3 Epidermal 
scratch: initial stages of 
wound healing (days 2-3) 
frequencies above 1 kHz 
indicated variance 

3. On completely healed 
wound, ratio approaches 
100% 

2. Rinf, R0 increase as 
wounds heals 

2. R0, Rinf decreased over 
time, Ri did not change  

*s-subject
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2.3.6 Summary 

A general correlation between the primary BIA parameters (R, XC, Z, φ) and the 

healing process of soft tissue has been identified. It has been observed that Z and R 

are closely related to the inflammation of a region where low Z and R values are 

indicative of oedema and an early stage of wound healing. R, XC and φ are commonly 

grouped together given that an increase in the φ corresponds to an in increase in R 

and XC signifying a reduction in oedema [38,142]. Moreover, φ has been associated 

with chronic wounds and diseases [43,45]. An increase in Re and Ri with a decrease of 

MC denotes cellular repair of the tissue fibres.  

2.4 Adaption of electrodes for BIA systems 

2.4.1 BIA systems 

A BIA system is composed of differential amplifiers [171,172] connected to coupled 

biopotential electrodes. It sends an electric charge penetrating the skin enabling 

impedance analysis of soft biotissue. Thus, the electrodes link the skin to the BIA 

system by creating an interface. The measurements of the biosignal are influenced 

by the electrode-skin impedance. A difference in electrode-skin impedance reduces 

the common mode rejection ratio (CMRR) of the system resulting in excessive noise 

[49]. In addition, high skin electrode impedances (Zes) can cause signal attenuation 

and distortion. A difference in Zes between the coupled electrodes causes an 

electrode mismatch referred to as ‘hook artefact’ and occurs at high frequencies. This 

can be visualised on the Cole-Cole for mfBIA. A hook artefact can influence the 

smooth contour fit of the BIA algorithm resulting in flawed measurements [50,173–

175] (Figure 2.7). 
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Figure 2.7 Cole Cole plot with hook artefact. 

 

The positioning of the electrodes is another variable that has yet to be standardised 

in local BIA measurements. Smirnov et al. [176] specifies the spacing between the 

distal and proximal current injecting electrodes influences the penetration depth of 

the current into the body. Therefore, by varying this distance it is hypothesised that 

there is a possibility that a different BUS is measured. However, an inconsistency in 

electrode positioning is common in previous research.  

In addition, it is important to identify that commercial BIA systems have been 

designed for to measure total body weight (TBW). Thus, the electrodes are explicitly 

positioned to allow for whole body measurements. Manufacturers of the equipment 

suggest the electrodes are positioned at a great distance on the body, for example 

one set close to the wrist and the other close to the ankle. To measure limbs 

researchers have adapted segmental positioning where the electrodes are proximally 

and distally placed on the limb under study. However, in order to measure targeted 

areas on the body, local BIA positioning is used where there is a minimal space 

between the electrodes. Thus, this variation from the manufacturer’s suggestions 

could influence the electrode mismatch in the experimental protocol.  
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2.4.2 Electrodes  

An electrode is a conductor used for electricity to enter or leave the BUS. For BIA 

measurements, the electrodes act as current injecting electrodes and voltage 

sensors. The former can be classified as current carrying electrodes (CC) and the 

latter, pick up electrodes (PU). These current-carrying electrodes (CC) transmit an 

exogenic signal and the biopotential difference generates an endogenic signal 

received from the pick-up electrodes (PU). The CC electrodes consist of a current 

source (I+) and current sink (I-) required to supply and receive the charge while the 

PU electrodes are considered voltage sensors that measure the potential difference. 

Local BIA requires the electrodes to be positioned locally at two contact sites 

surrounding the BUS and as the current penetrates through the skin, it passes 

through the ICF and ECF depending on the frequency range. The electrical activity of 

the BUS is monitored through the biopotential difference. 

2.4.3 Electrode configuration 

There are two common types of coupled electrode configurations, tetrapolar and 

dipolar (Figure 2.8). In a tetrapolar configuration, a pair of electrodes act as the 

current source (I+) and current sink (I-) and a separate pair of voltage sensors are 

positioned adjacent to and in between the source and sink. This configuration is 

common in whole body analysis such as measuring TBW and has been accepted in 

various local BIA applications including monitoring of wounds, muscle injuries and 

inflammation [35,40,44,45,137–139,163]. However, some researchers have 

simplified this into a dipolar configuration [36]. For a dual electrode setup, one 

electrode acts as a current source (I+) and voltage sensor while the other acts as a 

current sink (I-) and voltage sensor [177]. The electrodes adapted for BIA are wet 

electrodes commonly used in clinics, while dry electrodes emerged in the last few 

years. 

 

 

Figure 2.8 Electrode Configurations (a) tetrapolar and (b) dipolar. 
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2.4.4 Wet and dry electrodes 

Electrodes can influence the accuracy of BIA measurements due to the electrode-skin 

interface. Current clinical electrodes commonly used in clinics, specifically Ag/AgCl, 

are classified as wet electrodes [47]. These electrodes are produced with an 

additional layer consisting of an electrolyte ‘gel’, specifically agarose. This gel allows 

the electrode a non-polarized attribute [178]. Thus, they are versatile and can be 

used across all systems regardless of the operating frequency of the system. This ‘gel’ 

layer also enhances the performance of the electrophysiological recordings through 

a redox reaction that switches from an electronic current in the leads to an ionic 

current that is transmitted through the epidermis to the BUS [179]. The electrolyte 

layer ensures stable electrical contact while minimising electrode-skin impedance 

where the electrode-electrolyte interface is negligible [180]. 

However, these electrodes have certain drawbacks limiting their performance in long 

term monitoring applications. Firstly, thorough preparation of the skin is required 

including removal of any hair and grime for the electrodes to adhere to the skin and 

perform efficiently [181]. In addition, its adhesive layer can irritate the skin [182]. 

However, its greatest hindrance is due to the drying of the adhesive layer leading the 

detachment of the electrodes from the subject over a long period [182]. Thus, 

resulting in an unstable redox reaction leading to unreliable measurements. 

Therefore, these electrodes are inappropriate for use in long term applications and 

need to be substituted.  

2.4.4.1 Dry Electrodes 

Dry electrodes differentiate from wet electrodes as they do not have an electrolyte 

layer and come into direct contact with the epidermis [51]. Recently, much research 

has been directed into the fabrication and application of dry electrodes to resolve the 

common issues of wet electrodes for various biosignal measurements. However, dry 

electrodes possess a polarization impedance [47,51,52,183,184] that can increase 

the Zes.  

The electrode-skin impedance is a continuous issue relative to biosignal 

measurements that has yet to be overcome. A large electrode-skin impedance can 

impact the quality of the biological signal implying low signal amplitude and low signal 

to noise ratio (SNR) [53,54]. In addition, the BIA measurements at high frequencies 

can be affected due to Zes mismatch [175,185]. This could be contributed from 

instrumentation artefacts or uncontrolled electrode parameters [47]. Even though 

research has been undertaken in examining the degradation of wet electrodes, much 

interest has motivated the study into fabricating and adapting dry electrodes to 

replace wet electrodes. The first types of dry electrodes were rigid and were quickly 

surpassed with flexible and e-textile electrodes. Rigid electrodes are based on the 
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manufacturing of solid metals. Flexible and e-textile electrodes have various 

fabrication methods. Their use is common in ECG, EMG, EEG measurements while e-

textiles has also been adopted for transcutaneous electrical nerve stimulation (TENS), 

refer to Figure 2.9. Figure 2.10 presents a mind map for the aspects covered in the 

research currently conducted for dry electrodes. Figure 2.11 is an analysis of the 

literature review covered in this thesis on dry electrodes. 

 

Figure 2.9 Dry electrodes (a) types of dry electrodes, (b) fabrication methods for 

flexible and e-textile electrodes and (c) uses of dry electrodes. 

 

 

 

Figure 2.10 Mind map of aspects covered for dry electrodes in literature review. 
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Figure 2.11 Literature review of dry electrodes in thesis, including: (a) type of 

electrodes, (b) countries conducting research, (c) journals publishing articles, (d) 

number of articles relative to year of publication and (e) dry textiles testing 

methods.  
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2.4.4.2 Rigid electrodes 

Wiese et al. [186] compared the relationship between motion artefact and degraded 

wet electrodes to dry electrodes by defining a protocol and creating an algorithm for 

ECG applications. Exposing the wet electrodes to high temperatures of air caused the 

degradation and their behaviour in this state imitated the dry electrodes. The 

protocol was tested on subjects following specific movements. However, a 

conclusion was drawn that this was not a viable tool and future research will require 

a new algorithm that compares the differences in the actual ECG signal. Suggestions 

on improving motion artefact include the use of accelerometers to measure 

electrode motion and adaptive filters to cancel motion artefact [187,188].   

Albulbul [178] compared commercial pre-gelled Ag/AgCl with dry orbital and 

stainless steel electrodes for a frequency ranging between 1 Hz and 1 MHz. The 

coating of the orbital electrode is an alloy of Ag/AgCl, Al, Au/AuCl, Ni and Ti. These 

selected materials permit it to last longer than the clinical Ag/AgCl electrodes. For 

stable contact on the skin, the shape is prepared with pins (spikes). Stainless steel is 

resistant to corrosion thus these types of electrodes are favourable. However, 

Ag/AgCl electrodes proved to be more efficient having the lowest skin impedance yet 

providing the highest capacitance between the electrode and skin.   

Searle et al. [189] compared pre-gelled Ag/AgCl with dry and insulating electrodes 

from Ti, Stainless Steel and Al with a diameter of 12 mm at a single frequency of 50 

Hz. The Ag/AgCl were analysed without any modifications whilst a buffer was 

integrated to the dry and insulating electrodes. The purpose of this buffer was to 

minimise the contact impedance mismatch by lowering the impedance of the 

electrodes thus forming an ‘active’ electrode. This contact impedance was referred 

to and as such comparable to powerline interference. The impedance mismatch for 

the wet paired electrodes (Ag/AgCl) is negligible contrary to the dry electrodes where 

it significantly increased. Additionally, by pairing a wet electrode with a dry electrode 

the powerline interference was substantial implying that the electrodes must be 

identically paired. To overcome the issue of powerline interference, an additional 

circuit can manually reduce the mismatched contact impedance [189,190]. It was 

observed that the contact impedance did not vary significantly between the dry. 

Although Ag/AgCl initially had the lowest contact impedance, after a 600 second 

period the contact impedance for the dry electrodes were comparable to the wet 

electrodes. However, by shielding the electrodes the dry and insulating electrodes 

performed better than the wet electrodes.   

Chi et al. [55] studied non-contact, insulated and dry electrodes by presenting their 

electrical models. This review focuses on the signal quality relative to noise and 

motion artefact whilst incorporating the issue of comfort. Chi et al. supporting Searle 

et al.  [189], concluded that with time the motion artefact for dry electrodes is 
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reduced; this may be due to perspiration hydrating the skin acting as the electrolyte 

layer of the wet electrodes. Clinically used wet electrodes are convenient as the 

electrolyte layer permits the fixation of the electrode at the desired location. 

However, for applications managing continuous monitoring, the gel of the wet 

electrodes will dehydrate therefore losing its efficiency and causing skin irritation. 

This research is limited to ECG and EEG applications.  

2.4.4.3 Flexible electrodes 

Printed electrodes on flexible substrates can perform efficiently due to their form 

that can adapt to the body shape thus reducing any motion artefact [56–58,191]. In 

addition, by modifying the surface morphology, dry electrodes can maximise the 

advantage of skin moisture as substitute to irritant gels [59,192–194].   

Imani et al. [195] fabricated a skin-worn Chem-Phys hybrid wearable patch interfaced 

to a custom-PCB offering concurrent and real-time monitoring of ECG and lactate via 

wireless transmission. The hybrid patch consisted of biosensors measuring the 

lactate concentration in addition to electrodes for ECG monitoring. Experiments 

revealed that the two modalities can be measured simultaneously when co-

fabricated on a flexible substrate with negligible cross talk. To validate the electrodes, 

the ECG signals were compared with commercially available Ag/AgCl electrodes. 

Screen-printing technology was used to fabricate the Chem-Phys hybrid patch. An 

arrangement of Ag/AgCl, Prussian blue and insulator inks were printed on a highly 

flexible transparent polyester substrate by using customized stencils. Interference 

and shunting effects of the hybrid patch were minimized by printing two vertically 

orientated hydrophobic layers of Ecoflex next to the biosensor. Through vigorous 

exercise, the ECG recording was affected by perspiration.   

Peng et al. [196] fabricated a flexible dry Ag/AgCl electrode that overcomes the 

drawbacks of wet and dry electrodes. The intricate process used parylene C as a 

substrate deposited with a layer of chromium and copper (Cr/Cu); Ag was 

electroplated onto the Cr/Cu layer. A dry Ag electrode film was fabricated at this 

stage. In addition to the first electrode, by adding chloride to the Ag layer, a dry 

Ag/AgCl electrode film was produced. By altering the surface topology, an additional 

three electrodes were derived of varying in sizes (i.e., E1, E2 and E3); they consisted 

of Ag/AgCl micro pads protruding from the Ag layer. This raised layer works with the 

moisture of the skin eliminating the need for a gelled electrolyte. For the three 

samples, the size of the electrodes was kept constant; however, the radius and 

distribution of the AgCl pads varied altering the AgCl to Ag area ratio (AR). Comparing 

the three electrodes, an increase in R and AR showed a reduction in electrode-skin 

impedance. With an AR of 38.5% and r measuring 50 μm, E3 showed results 

comparable to commercial electrodes. By testing the two electrodes over a period of 

48 hours at 100 Hz, the skin-electrode impedance of E3 decreased after 1 hour and 
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remained relatively stable for the remaining period proving to be more efficient than 

the commercial electrode. However, for this first hour the commercial electrode 

generated a lower skin-impedance which increased substantially thereafter. These 

electrodes were used for ECG and EEG measurements. 

Khan et al. [197] developed mechanically flexible electrode arrays on free standing 

flaps. This complies better to wounds where the electrodes need to conform to a 

surface with cuts. A gold compound was deposited onto a PEN substrate 

encapsulated with a hydrophobic thin layer of Crypto to avoid interference from 

bodily fluids. O2 plasma etching was used to expose the 31 electrodes then CO2 laser 

cutting was used to cut and create electrode flaps. The spacing between the 

electrodes ranged from 2 to 7 mm. Gold was selected due to its stability and inertness 

when it comes into contact with biological fluids or living tissue. The nanoparticle ink 

was deposited onto the PEN substrate and sintered at 200 ⁰C. Sheet resistance of the 

electrodes were low range from 0.28 to 0.36 Ω sq-1. Furthermore, the change in 

resistance was negligible when the electrodes were placed under stress and strain.   

2.4.4.4 E-textiles electrodes 

The advancement of wearable technology has placed focus on the development of e-

textile electrodes [55,198,199] for various applications. There are various methods in 

the production of e-textile electrodes. Conducting polymers deposited onto textiles 

have been developed by dip-coating, screen and inkjet printing. These methods are 

simple and cost effective. In addition, technological advancements in the textile 

industry introducing conductive yarns has led to the fabrication of woven and 

embroidered e-textile electrodes. 

The advantage of textile electrodes is that they maintain conformal contact with the 

human body. However, the application of conducting polymers on textiles may give 

rise to dermatological issues such as skin irritation when in contact with the skin for 

a long period of time [63]. Contrary to this, embroidered electrodes are entirely 

based on yarn. In addition, they are convenient and allow for onsite fabrication and 

can be tailored to the patient’s ailment.  

Takamatsu et al. [60] presented a method for depositing a conducting polymer on 

thick knitted textiles for ECG applications. A polydimethylsiloxane (PDMS) stencil was 

laser cut to create the pattern, in turn this was placed onto the knitted textile and the 

stencil was filled with the conducting polymer poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) PEDOT:PSS  forming the electrode. An ionic liquid (IL) gel was 

added acting as an electrolyte for the electrode. PDMS was selected as a stencil due 

to its hydrophobic properties confining the PEDOT:PSS solution. PEDOT:PSS was 

selected due to its efficiency in cutaneous applications and biocompatibility. 

PEDOT:PSS electrodes of 1 cm2 were patterned on knitted polyester 300 μm with a 
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stretch of 50% in the knit direction. The measured sheet resistance was 230 Ω/sq. 

The prototype was tested on a wristband and the results were compared to the 

clinical Ag/AgCl electrodes on three subjects. A comparison of the electrodes 

indicates the textile electrode to be superior by producing a lower electrode-skin 

impedance with an equal SNR. In addition, the combination of PEDOT:PSS/IL gel with 

the conformable support provided by the knitted textile showed to mitigate motion 

artefacts. This was used for ECG measurements. 

Bihar et al. [61] fabricated fully printed PEDOT:PSS/IL gel electrodes on commercially 

available pantyhose (100% wt, polyamide) using inkjet technology and tested with 

ECG recordings. Pantyhose was chosen as a substrate offering great stretchability; 

PEDOT:PSS was chosen as the conductive layer due to its high conductance and 

biocompatibility [200]. ECG recordings were taken from one subject. Initially the 

number of printed layers required for efficiency was determined by evaluating the 

resistance of the electrodes. This resulted in a printed electrode of eight layers of 

PEDOT:PSS. Although the printing increased the rigidness of the textile, it could still 

be stretched up to 200%. Cyclic strain tests were performed in order to evaluate 

durability; it was concluded after 50 cycles the electrode showed stability at 30% 

strain. By adding five layers of IL gel, the electrode displayed an impedance spectrum 

comparable to a commercial wet Ag/AgCl. Moreover, the stretchability improved 

showing a decrease in the change in electrical resistance at large elongations. The 

SNR remained constant for the first 24 hours although after 40 days slight 

degradation was observed. However, the commercial electrode did not record any 

signal after a period of 12 hours.   

Jin et al. [62] studied the efficiency of inks applicable to printing on a PU stretchable 

substrate and a 30-denier tricot knit nylon textile. Initially drawing attention to the 

two substrates, it was concluded that the ink stabilizes more efficiently on the textile 

showing cracks on the PU substrate under strain. A control of the ink permeation 

resulted in the fabrication of the stretchable textile electrode with a sheet resistance 

of 0.06 Ω sq-1. This increase about 70 times when the textile was stretched to 450% 

strain. Moreover, the resistance changes to the textile were negligible under vertical 

pressure, twisting and folding. The conductive ink is comprised of a fluoroelastometer 

(PVDF-HFP), butyl carbitol acetate (BCA) and silver flakes. PVDF-HFP contributes to 

the softness of the composite; whilst BCA has a high boiling point (247) and low 

vapour pressure (0.01 mmHg) resulting in a penetration depth of 231 μm reaching 

the junction points of fibre bundles. Electrical and mechanical properties of the 

textile were stable even after 220 days in air which is promising for long term 

monitoring. A demonstration of the stretchable printed textile showed its potential 

as electrodes for an EMG monitoring system. Using the conductive ink, transmission 

lines and electrodes were printed onto the compression garment; thereafter, 

thermoplastic polyurethane (TPU) layers were laminated on both sides of the 
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transmission lines preventing any contact. By comparing the e-textile with 

commercial Ag/AgCl electrodes, the e-textile shows promising for EMG recordings.  

Contrary, Karim et al. [63] evaluated a nanoparticle synthesis substrate (NP1) as a 

base printed onto a woven cotton textile for Ag and rGO electrodes thus preventing 

permeability. Surface pre-treatment of NP1 was found to be optimum with 12 layers 

whereas the conductive compounds only required 6 layers. For the pre-treated 

textile, a sheet resistance for Ag was found to be 1.18 Ω sq-1 whilst for rGO the 

resistance was 1.09 x 103 Ω sq-1. These electrodes were adapted for ECG recordings 

and shown to have a lifespan of 10 laundry washing cycles.  

Paul et al. [64] presented a wearable patch of an array of networked dry passive 

electrodes fabricated via screen and stencil printing. To ensure stable contact 

pressure, the patch was sewn onto a vest with a silicon foam insertion in between. It 

was tested against commercial Ag/AgCl for ECG recordings. Screen printing was used 

to fabricate the electrode pads and tracks onto a woven textile. The process required 

a polyurethane (PU) interface layer of 30 μm on the textile in which a 5 μm layer of 

silver conducting ink was printed; a final layer of PU encapsulated the tracks. 

Electrode pads were stencil printed with carbon black loaded silicone rubber. This 

material was selected due to its flexibility, being water resistant whilst having a low 

surface energy. In comparison to commercial electrodes, the ECG recordings of the 

vest were comparable to those with using Ag/AgCl electrodes.   

Sinha et al. [201] tested screen printed PEDOT:PSS electrodes onto a t-shirt 

composed of 85% polyester. PEDOT:PSS was selected due its ability to function as an 

ionic and electronic conductor making it suitable as a dry electrode. However, the 

signal improved with the onset of perspiration or by applying a lotion. Moreover, an 

elastic strap was required to increase the skin contact with the electrodes in order to 

minimise motion impedance. A sheet resistance of 0.5 Ω sq-1 was found. By testing 

the t-shirt with ECG recordings, it was observed to have a higher amplitude compared 

to the Ag/AgCl electrodes. This could be due to the increase in motion artefact from 

the t-shirt that is alleviated by the Ag/AgCl electrodes.  

Pani et al. [65] fabricated PEDOT:PSS electrodes via a soak, squeeze and anneal 

method using woven cotton and polyester swatches. A snap fastener was sewn onto 

the swatches using conductive thread. The swatches were then sewn onto non-

conductive foam in order to alleviate any influence on the biopotential reading from 

the skin. Polyester showed to be more promising as an electrode and was used to 

test under dry and wet conditions; the latter moistened with 0.9% saline solution.  By 

sending a current of 1.0 mA for a frequency range of 20 to 250 Hz with a 5 min delay, 

an ECG reading of the two electrodes was compared to commercial Ag/AgCl 

electrodes. Testing was conducted with the subject in a state of rest, deep breathing 

and exercise. At rest, the dry electrode performed as well as the wet and Ag/AgCl; 
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however, when the subject was in motion the dry electrodes failed to perform due 

to motion artefact. To conclude the wet electrode performed slightly better than the 

Ag/AgCl, although after a few hours the saline evaporated thus performing as a dry 

electrode.  

Kannaian et al. [53] embroidered electrodes for ECG measurements. A 100% 

polyester woven textile was used for the embroidery of stainless-steel electrodes 

measuring 11 mm x 11 mm. By using a constant satin stitch, the stitch densities were 

tested. To measure the electrode efficiency, the embroidered electrodes were tested 

relative to clinical Ag/AgCl electrodes on human skin using a multimeter. An 

impedance of 1.4 MΩ was measured. By adapting the electrodes for ECG recordings, 

a SNR of 31.46 db was observed; this was identical for the two densities. Thus, the 

measurement remains efficient in terms of SNR despite reducing the conductive 

thread used in the embroidery process by 50%.  

Shafti et al. [202] employed embroidered electrodes for sEMG (surface EMG). By 

varying the area, iteration and density of the electrodes, the resistance was measured 

using a multimeter. It was observed that an electrode with a 2 cm diameter, 2 

iterations and 2 mm, 5 mm or full spacing (density) showed the lowest mean 

impedance. This research demonstrates by increasing the area, decreasing the 

iterations and increasing the density a lower resistance is achieved. The EMG 

measurements using the embroidered electrodes were comparable to the common 

clinical electrodes.  

Weder et al.’s [203] ECG electrodes were embroidered from polyethylene 

terephthalate yarn plasma-coated with silver and a titanium layer on top for 

passivation. Electrode pads measuring 2 x 7 cm were embroidered into an ECG belt. 

ECG measurements were carried out for Ag coated and Ag/Ti coated dry and wet 

electrodes. Dampening the dry electrode with water vapour combined with silver and 

titanium resulted in optimum ECG electrodes. A flexible water tank was added to the 

belt to provide continuous vapour. However, this system is complicated and requires 

a constant supply of water.  

Berk et al. [204] tested embroidered electrodes for TENS application. A 100% 

polyester textile was used to embroider the electrodes using silver conductive fibre 

Shieldex 235/34 dtex. By maintaining a constant size for the electrodes (i.e., a circle 

of diameter 3 cm), the stitch type and density varied. Four stitch types were tested, 

such as fill, satin, star and zigzag with high and low densities. To measure the 

electrode efficiency, the resistance of 16 points on the electrode surface were 

recorded using a multimeter before investigating the SNR of the TENS electrodes. 

Based on the results, the low-density star stitch electrodes showed the lowest 

resistance of 0.42 Ω whilst the highest was measured for the satin stitch. Moreover, 

it was observed that the stitch density is relative to the resistance, specifically, the 
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lower the stitch density, the lower the resistance. However, when testing the 

electrodes with a TENS system, the satin stitch showed higher SNR. Pertaining to low 

resistances, low stitch densities demonstrated higher SNR.  

Trindade et al. [205] embedded embroidered textiles for ECG recordings in fitted t-

shirts with compression bands to support the electrodes. The electrodes were 

embroidered with Ag coated PA66 thread in a circular shape of 16 mm in diameter. 

It was observed that when the subject was not in motion, the ECG recordings were 

efficient with a low SNR; however, when the subject was in motion, the readings were 

greatly affected. It was also shown that by laundering the t-shirts 30 times the 

electrode resistance and ECG SNR did not alter significantly.  

This was also observed by Cho et al. [206] when adapting various e-textile electrodes 

for ECG recordings in a t-shirt. A knitted e-textile electrode from a 50/50% stainless 

steel/cotton forming a single jersey textile (Type B) was compared to an embroidered 

electrode in a labyrinth shape on this jersey e-textile electrode as a substrate (Type 

C) and on a cotton substrate (Type C). It was observed that Type A and Type C were 

comparable to the ECG recording, while Type B did not perform as well. However, it 

was concluded that due to inconsistent pressure across the t-shirt there was an 

inconsistency in ECG recordings. Moreover, the signal can be influenced by motion 

and any changes in posture. 

2.4.4.5 Summary and limitations 

Research into dry electrodes for ECG, EMG, EEG and TENS applications has shown 

promising long-term medical applications. Even though for some dry electrodes, an 

electrolyte layer has been incorporated into the design to assist the redox reaction. 

Various measuring methodologies have been employed testing the efficiency of the 

dry electrodes resulting in an inconsistency of parameters. Sheet resistance is often 

applied to measure 2D materials, while multimeters used provide resistance and 

impedance measurements.  

However, incompatible observations are reported when the electrodes are tested on 

a subject. Testing the electrodes on a subject can be influenced by changes in certain 

properties of skin including skin temperature and perspiration. Provided that these 

properties differ for each subject it is difficult to identify how the electrodes perform 

autonomously. Although, the research undertaken showed a consistency in the 

comparison of dry electrodes and wet electrodes over a long period. Initially, wet 

electrodes performed better; however, over a period of time the performance of the 

dry were comparable and in some instances performed better. In addition, e-textile 

electrodes have the advantage of being washable and reusable signifying cost 

efficiency and are environmentally friendly. The limitations of research associated 

with e-textile electrodes are presented in Table 2.7. 
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Table 2.7 Limitations and potential research 

Limitations Reason Potential Research 

Measurements on e-textile 

electrodes - parameters (R, 

sheet resistance) 

Methods adapted to measure 

dry electrodes only apply for 

2D structures 

E-textile electrodes are 3D in 

structure 

Dry electrodes possess a 

reactance and resistance 

influencing Zp 

ECG, EEG, TENS, EMG 

measurements 

Systems operate at a low 

frequency (0.5 – 1000 Hz) – 

negligible effect on Zp dry 

electrodes 

BIA applications use larger 

frequency (50 kHz) 

E-textile electrodes with no 

electrolyte layer 

No comparison of e-textile 

electrodes in dry form and wet 

form 

Comparing Zp of dry electrodes 

to dry electrodes with an 

electrolyte layer 

Independent influence of 

embroidery characteristics   

No analysis on all possible 

embroidery characteristics 

Influence of combined 

embroidery characteristics on 

Zp 

Skin temperature and 

perspiration 

No analysis of isolating the 

influence of skin properties on 

Zp of e-textile electrodes 

Influence of skin temperature 

and perspiration on Zp 

Influence of elliptical vs 

rectangular shape for BIA 

Comparison of shape on e-

textile electrodes and 

influence on Zp 

Does shape influence Zp 

Efficacy of e-textile electrodes 

compared to wet electrodes 

for studies adapted to 

monitoring wound healing 

using BIA over a time period 

Comparison of e-textile 

electrodes to Ag/AgCl 

electrodes has not been 

completed in-vivo or ex-vivo 

Are the parameters adapted 

to monitor wounds influenced 

by Zp of the e-textile 

electrodes (i.e., Z, R, XC, φ, R0 

and Rinf) 
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Chapter 3  

Equipment, Materials and Methodology  

3.1 E-textile electrode fabrication and testing 

3.1.1 Embroidery Machines 

3.1.1.1 Singer Future XL 550  

The SINGER Futura XL 550 (Singer Corporation, Tennessee, United States) is an 

electronic computerised embroidery machine featuring a 210 x 120 mm embroidery 

area. Its primary electronic onboard feature used for this study was the thread 

tension setting while the bobbin thread tension was manually adjusted. It has a USB 

port where a USB key storing the embroidery design can be inserted directly or 

permitting direct connection to a computer where the design can be transferred from 

any supporting software to the embroidery machine.  

 

 

Figure 3.1 Singer Futura XL 550 

 

3.1.1.2 Brother F440E Embroidery Machine  

The Brother F440E Embroidery Machine (Brother Australia, New South Wales, 

Australia) is an electronic computerised embroidery machine featuring a 130 x 180 

mm embroidery area. It features a touch panel and touch sensor stitch select display 

screen displaying all embroidery information. Its USB port allows for all embroidery 

designs to be easily transferred using a USB. This equipment does not connect to a 

computer and designs must be saved to a USB device and transferred through the 

USB port.  
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Figure 3.2 Brother F440E Embroidery Machine 

 

3.1.1.3 Software EasyDesign EX and Embrilliance  

The EasyDesign EX (Elna International Crop. SA, Geneve, Switzerland) software was 

adapted to design the electrodes for the Singer machine while the Embrilliance 

(BriTon Leap, Inc, Albuquerque, New Mexico, United States) was used for the Brother 

machine. Both software packages have built in designs allowing users to select the 

shape and with the package features a user can alter the stitch characteristics of the 

electrodes. The primary characteristics associated with the e-textiles are: (i) the size 

(surface area), (ii) stitch type, (iii) stitch length and (iv) stitch density (stitch spacing). 

Due to the basic design of the electrodes, the two software packages provided the 

same functionality for this research.  

 

 

Figure 3.3 EasyDesign EX with the weave stitch settings on display 
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3.1.2 Electrical Impedance Measurements Equipment for Embroidered E-Textiles 
(Voltage Drive) 

3.1.2.1 HM8118 LCR Meter (Rohde & Schwarz, Munich, Germany) 

The HM8118 LCR Meter with four terminals connected to a set of Kelvin probes. It 

has the capability of measuring the common impedance parameters, specifically 

impedance (Z), resistance (R) and reactance (XC) for frequencies ranging between 20 

Hz to 200 kHz. The accuracy according to its specifications is 0.05%. It features an 

option of setting an equivalent circuit of the measured test, this was set to automatic. 

The AC test signal level is 50 mVrms to 1.5 Vrms with a resolution of 10 mVrms.  

 

Figure 3.4 HM8118 LCR Meter 

 

3.1.2.2 PM 6306 LCR Meter (Fluke Australia Pty Ltd, New South Wales, Australia) 

For the PM 6306 LCR Meter with four terminals, two plug-in adapters were used 

creating the same effect as the Kelvin probes. Its test frequency ranges from 50 Hz to 

1 MHz. Its AC test signal level is 50 mVrms to 2 Vrms with a resolution of 10 mVrms. 
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Figure 3.5 PM 6306 LCR Meter 

 

3.1.3 Materials for E-Textiles  

3.1.3.1 Substrates - Textiles 

For this study the most common textiles in the textile industry were selected to 

evaluate their suitability as substrates for e-textile electrodes. The substrates were 

purchased commercially. The selected substrates include a polyester non-woven felt 

and cotton substrates of various structures: plain weave, poplin and velvet. 

3.1.3.2 Shieldex 117/17 dtex 2ply Thread 

The Shieldex Conductive Yarn is a polyamide 6.6 filament plated with 99% pure silver. 

Silver Plated Nylon (Ag/PA66) 2x117/17 dtex (Shieldex U.S., Palmyra, NY, United 

States and Statex Produktions and Vertriebs GmbH, Bremen, Germany). The linear 

resistance of this thread provided by the manufacturer is about 1,500 Ω/m for a 

specified linear density of 28.0 ± 3% tex (refer to Appendix I for textile units). It has a 

linear density of about 35,000 m/kg with a tenacity of about 44 cN/tex ± 5%. It 

possesses high electrical performance with a linear resistance of about < 1,500 Ω/m. 

Another advantage is that the thread is composed of silver which is known to have 

anti-fungal, antimicrobial and anti-inflammatory properties [207]. Thus, it can be 

adapted for long-term monitoring without causing irritation to the skin which is a 

major concern with current Ag/AgCl electrodes.  
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Figure 3.6 Shieldex 117/17 dtex 2ply Thread 

 

3.1.4 Methodology E-Textiles 

3.1.4.1 E-textile electrode fabrication 

The fundamental material providing conductivity to the e-textile electrode was the 

Shieldex Conductive Yarn. To account for efficient e-textile electrode functionality, 

the silver thread needs to touch the skin thus this forms the inner-side of the e-textile 

electrode. In addition, by encapsulating the conductive thread in the electrode-skin 

contact, the electrode is less susceptible to noise. Due to the stitching structure 

(Figure 2, Appendix I), if the conductive thread was used on the outer-side of the e-

textile any noise from the external environment would be transmitted to the inner-

side resulting in unreliable measurements. Thus, a non-conductive polyester (PES) 

thread was selected for the outer-side of the electrode. Adapting a PES thread results 

in a reduction in manufacturing costs without compromising its performance. It is 

more cost efficient compared to the silver plated nylon thread and it reduces the 

fabrication time by improving the tension parameters on the embroidery machine. 
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To select a PES thread, its linear density must be relatively close to the linear density 

of the conductive thread.  

A denier count wrap reel was used to measure the actual linear density of the 

conductive yarn. The measurement was in accordance with specification, measuring 

29.5 tex. This was matched with a strong 100% PES non-conductive thread with a 

measured linear density of 39.8 tex (refer to Appendix I for textile units). To begin the 

fabrication process, the embroidery machine had to be adjusted and set to create e-

textile electrodes that correspond to the standards ISO 4915:1991 301 implying an 

equivalent stitch is created on both sides of the textile (i.e., top and bottom) [208].  

Due to the coarseness of the conductive thread, it was threaded through the bobbin 

compartment forming the inner-side of the electrode, while the polyester thread was 

threaded through the needle to create the outer-side of the electrode. For the e-

textile electrodes to perform efficiently, the importance of having a non-conductive 

outer-side and a conductive inner-side was reported. However, it is also important 

that the conductive thread does not loop on the outer-side as this may result in noise. 

Thus, it is vital that: (i) the linear density of the two threads are relatively close and 

(ii) the bobbin and needle thread tensions are balanced. The relatively close linear 

densities of the threads assisted in the tension balance between the bobbin and 

needle thread settings and set-up of the embroidery machine. It is important to 

ensure an ideal balance so neither thread pulls the other thread through the 

substrate and all interlocks occur within the substrate, refer to Figure 2 in Appendix 

I, resulting in an ideal fabricated e-textile electrode.  

To resolve the small tolerance error associated with the embroidery machine, a ‘trial 

and error’ approach was taken to set up the required tension balances (to calibrate 

the embroidery machine) by embroidering a rectangle of dimension 4 x 3.3 cm 

(surface area of 13.2 mm2) based on standard clinical Ag/AgCl electrode size [48]. The 

elliptical electrodes were fabricated with an equal surface area. For simplicity, the 

default stitch settings of the software were used (i.e., stitch type, length and density: 

weave, 3.5 mm, 0.4 mm) which were later adapted in Chapter 4. Provided the 

Ag/PA66 is a coarser thread in comparison to the PES, it is expected for the bobbin 

to have more of a pull on the thread; thus, the initial e-electrodes stitch interlocks 

occurred on the conductive side of the electrode. To balance the tension, a trial and 

error approach was taken by continually increasing the tension of the needle thread 

from the electronic settings of the embroidery machine while mechanically loosening 

the tension of the bobbin thread manually (this can only be done manually and there 

is no relative measurement of tension provided by the machine) resulting in an 

increase in the mechanical pull of the needle thread. For the Brother F440E, this was 

achieved with the functionality of the embroidery machine. Regarding the Singer 

Future XL 550, by setting the needle tension thread to a maximum and reaching the 



 

 60 

minimal tension of the bobbin thread, a slight improvement was profound. However, 

the interlocks were still occurring on the conductive interface indicating the tensions 

were still unbalanced. To resolve this issue, it was obvious that more tension was 

required for the needle thread. Thus, an additional thread tensioner was built for the 

needle thread consisting of tension discs with added weights to increase the tension. 

The ideal balance was found through trial and error resulted in an additional 42.12 × 

10−3 kg to these tension discs. In order to maintain this balance, it was observed that 

the amount of thread spooled onto the bobbin needed to remain relatively 

consistent. Thus, prior to embroidering each electrode a full bobbin was inserted into 

the bobbin compartment to maintain the ideal tension settings.  

 

 

Figure 3.7 Shieldex 117/17 dtex 2ply Thread 

 

To enable the connection of probes to the e-textile electrodes for measurements, 

commercially available snap-fasteners with a 9 mm diameter were mechanically 

attached in the centre of the e-textile in accordance with standard clinical Ag/AgCl 

electrodes. The snap fasteners constituted of a ball part and a ring with spikes 

stabilising the ball part. A single snap fastener was added to the e-textile electrodes 

by fixing the ball part on the outer-side (non-conductive) allowing connectivity to 

measuring systems while the smooth side of the ring was located on the inner-side. 

For comparable measurements, the size of the snap-fasteners was consistent across 

all e-textile electrodes. In addition, practical measurements and use of e-textile 

electrodes require a connector. Thus, the snap fasteners conform the electrodes and 

must always be incorporated into the measurements. 
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3.1.4.2 Methodology for measuring polarization impedance 

To conduct measurements, the electrodes were paired together in a wafer method 

[48] interfaced with a suitable material avoiding a short circuit. The leads of the LCR 

Meter were stabilised to reduce any motion artefact. In addition, this also reduced 

the possibility of a change in Zp when changing the e-textile electrodes for testing. 

For the dry configuration, mini wooden craft pegs were chosen to secure the e-

textiles in the wafer method. Dry wood is an insulator and was selected as it will not 

influence any polarization measurements [47]. The pegs were carefully positioned at 

the edges of the four corners of the substrate making sure they did not come into 

contact with the embroidered region avoiding any pressure distribution across the 

electrodes. Kelvin test leads were connected to the ball part of the snaps to enable 

measurements.  

3.2 Comparison of Electrodes 

3.2.1 Electrical Impedance Measurements Equipment for BIA (Current Drive) SFB7 

The SFB7 (ImpediMed, Queensland, Australia) consists of a control unit with four test 

probes. The device is current driven and can operate in discrete frequency mode or 

frequency sweep mode measuring the electrical impedance in less than 1 second. 

The display is equipped with a touch screen where results can be viewed 

immediately. In frequency sweep mode the device scans 256 frequencies between 3 

kHz and 1000 kHz based on a logarithmic scale. Discrete frequency measurements 

are also measured, for the frequencies of 5, 50, 100 and 200 kHz. The device was set 

in interval mode to collect the measurements. In interval mode, five measurements 

were taken at intervals of 3 seconds. 

The device has an ethernet port to connect and transfer the data to a computer. 

Through its supporting software, BioImp, the Cole-Cole model was adopted for the 

complete frequency sweep and to extract the parameters, Z, R, R0 and Rinf. The 

rejection limit of the measured data points used to generate the Cole-Cole plot were 

set to 0 as recommended by ImpediMed. The pre-set discrete frequency 

measurements are based on (i) the actual measurements and (ii) the fitted Cole-Cole 

model. For this study the actual measurements were extracted for analysis.  

Prior to taking any measurements, the SFB7 was calibrated with its associated test 

cell where a ‘passed’ message was displayed on the screen.  
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Figure 3.8 ImpediMed SFB7 

 

3.2.2 Materials for BIA 

3.2.2.1 Ambu WhiteSensor WS Electrodes 

Single use Ambu WhiteSensor WS non-polarized biopotential electrodes were used 

for this study. These sensors feature strong adhesion and a flexible foam backing 

material. The skin contact area measures 36 x 40 mm. Its sensor material is common 

Ag/AgCl measuring 79 mm2 centred in a highly conductive sold gel area measuring 

201 mm2.  

 

 

Figure 3.9 Ambu WhiteSenor WS Electrodes 
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3.2.2.2 Pork Belly 

Pork meat is a common alternative to human skin in the field of biomedical 

engineering and research associated with sensors. Pig skin immunology has been 

studied and compared to human skin. It has identical histological and physiological 

properties [209]. The skin of pig ear is known to be the closest representation to 

human skin [210]; however, there is a limited surface area to conduct BIA 

experiments. Hence, pork belly is better suited. In addition, it closely imitates the 

material properties of the human body with respect to the surface of the skin and 

underlying soft biotissues. 

At the skin surface, human skin has deep sulci, friction ridges and pores that can 

impact the contact of the electrode and skin. This is vital in dry electrode applications 

where a gap is present between the electrode and skin thus influencing Zes [211]. In 

addition, body segments are anisotropic in nature in terms of the underlying 

structure [212]. The fibre direction of the underlying biotissues vary transversally and 

longitudinally. This can also have an impact in Z measurements [213]. The two 

principal characteristics in selecting pork belly (abdominal) for BIA measurements is 

(i) its close representation of skin thickness and (ii) its relatively close dielectric 

properties [214]. Human and porcine skin thickness ranges between 0.05 cm to 0.8 

cm [70], where the difference between the two types of skin can vary slightly by a 

factor of 10-4 cm. Pig abdominal skin was selected due to its permeability [215] and 

the available surface area for BIA experiments. The samples weighed about 1.4 kg. 

All bones were removed from the samples.  

3.2.3 Methodology 

3.2.3.1 Preparation of the pork belly 

Pork belly samples were cut off fresh carcasses at the butcher and transported in 

cooler bags to the laboratory. The use of icepacks was avoided due to the possibility 

of inhomogeneous temperature distribution. In the lab, the samples were removed 

from the cooler bags and placed on individual sheets of bench-roll laid on the bench. 

The bench-roll is made of 3 layers of paper tissue and lined with 1 layer of soft 

polyethylene, providing a waterproof and absorbent surface. The samples were 

thoroughly cleaned twice with isopropyl alcohol swab wipes and left to settle in 

ambient room temperature (about 20°C with a RH of about 50%) for one hour, prior 

to placing the electrodes. A preliminary experiment was conducted on the pork belly 

with the skin in-tact. To compare the wet electrodes with the dry electrodes, an 

incision was created.  
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3.2.3.2 Incisions 

Incisions were created using commercially available disposable scalpels (Swann-

Morton Handle Scalpels No. 15, MedShop, Victoria, Australia). The depth of the 

incisions was consistent across all experiments, measuring 0.5 cm. This was selected 

in connection to the depth of melanoma incision considering surgical wounds may 

vary in depth depending on the surgery while other forms of wounds can vary greatly. 

The incisions were created in the centre of the skin therefore it would also be centred 

between the electrodes. The length (l) and width (w) for small incisions were also 

based on previous studies using BIA for wounds that was within the limitations of the 

size of the pork belly samples, measuring 2x 2 cm. This incision was simply adapted 

as a guide to the positioning of the electrodes.  

 

 

Figure 3.10 Pork belly with incision 

 

3.2.3.3 Storing of the pork belly 

To store the pork belly, the refrigerator was set at a temperature of 5 °C. For the 

preliminary experiments, the pork belly samples were individually wrapped in a fresh 

sheet of bench roll ensuring no air passed through. However, this method created a 

moisture build up on the skin. Therefore, the storing method was modified, and the 
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pork belly samples were individually wrapped in natural calico and placed in airtight 

polyethylene storage sealable bags. In both cases, the samples were adjacently 

placed on the grill shelves of the refrigerator.  

3.2.3.4 Electrode Configuration 

In a tetrapolar mode, the electrodes acting as voltage sensors were positioned at the 

edge of the wound, at a distance of about 0.5 cm to the incision. Their associated 

current source and sink electrodes were positioned adjacently on the outside at a 

distance of 1 cm [45]. In a dipolar mode, the current source lead was connected with 

the voltage sensor lead on a single electrode while the current sink connected with 

the voltage sensor lead were connected to the second electrode. However, the main 

focus of this study is based on a tetrapolar configuration.  

 

 

Figure 3.11 Pork belly with a tetrapolar electrode configuration 
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3.2.3.4 Data collection and trend analysis 

This research studies the change in BIA parameters relative to time; thus, a trend was 

observed and not absolute values. However, the change in impedance is relatively 

small to plot on a logarithmic scale. This small change in impedance has been 

previously reported by Yamamoto [216]. Therefore, the data was normalised and 

plotted as a percentage change in Chapter 6.  
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Chapter 4  

Fabrication process for e-textile electrodes: impact of the characteristics on 
Zp for use with BIA 

4.1 Introduction  

Wet biopotential electrodes are the standardised choice in biomedical applications 

used with equipment that send an alternating current (AC) with a discrete frequency 

or frequency sweep. Current applications include: (i) transcutaneous electrical nerve 

stimulation (TENS); (ii) recording biosignals, such as electromyography (EMG) and 

electrocardiography (ECG); (iii) iontophoresis and (iv) bioelectrical impedance 

analyses (BIA) measuring the integrity of biotissues [217,218]. For (i) – (iii), the 

systems operate at relatively low frequencies, for example: (i) TENS – 1 to 150 Hz; (i) 

EMG – 20 to 500 Hz and ECG – 0.5 to 100 Hz; (iii) iontophoresis – 5 to 1000 Hz [219–

223]. Measurements using single frequency BIA (sfBIA) commonly use a frequency of 

50 kHz. In addition, a vast amount of BIA systems on the market operate only at 50 

kHz [139]. Recently, BIA has emerged as a diagnostic tool for monitoring muscle gap 

and injuries [137–139,165], biotissue abnormalities [74,167–169], inflammation [44], 

fractures [166] and wounds [45,170]. 

The system connects to non-invasive surface electrodes that adhere to the skin. The 

electrodes create a pathway for the charge providing a way to measure the integrity 

of biotissue under study (BUS). However, the electrode-skin interface can influence 

the efficacy of measurements. Dry electrodes introduce a polarizing impedance (Zp) 

that impacts the electrode-skin impedance (Zes) resulting in unwanted artefacts and 

attenuation noise in measurements [53,54,178]. Taking accurate BIA measurements, 

the biosignal should ideally have no artefacts at the preferred frequency. Thus, a low 

to negligible Zes is desired while maintaining a high signal amplitude in addition to 

obtaining a high signal-to-noise ratio (SNR) [178]. Moreover, other factors associated 

with long-term monitoring must be accounted for, such as (i) maintaining a stable 

biosignal over time and (ii) ensuring the electrodes are safe for use with the skin 

where improper electrodes can induce abrasions or give rise to skin allergies [57]. 

4.1.1 Electrode polarization impedance 

Dry electrodes are subject to a charge-build-up relative to the electrode material and 

frequency, known as the polarizing impedance (Zp). Wet electrodes are ideally non-

polarized due to the electrolyte ‘gel’ layer and can be adapted to all equipment 

irrespective of the system’s frequency [59,192]. However, thorough preparation of 

the skin is required [58] in addition to the onset of skin irritations [198]. Over a period 

of time the ‘gel’ layer dries impacting the accuracy of measurements due to the 

variance that occur in the impedance output; thus, they are not deemed appropriate 
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for long term use. The purpose of dry electrodes is to resolve these issues. Research 

has led to the development of membranes [56,60,224,61,63,193–197,199], drying 

paste membranes [64], tattoos [65,201] and e-textiles [66,202–204,206,225,226].  

Embroidered electrodes are an ergonomic, comfortable and low-cost solution for 

long-term BIA monitoring of biotissue. The fabrication process is convenient and can 

be done on-site with simple common equipment. It also allows for the electrodes to 

be tailored specifically to a patient’s ailment [53,202–204]. Another advantage is the 

feasibility of replicating and customising designs with respect to the design of the 

electrodes; this includes the geometry, stitch type, stitch length and stitch density 

(i.e., spacing/distribution) [227]. This allows optimising the design to achieve a 

reduction in Zp lowering Zes. 

The complex vector Zp stems from the summation of a real part, i.e., resistance (R) 

and an imaginary part i.e., reactance (XC). To calculate the total impedance modulus 

Zp refer to Equation 4.1. Where XC is frequency dependent based on the system used 

(Equation 4.2). Thus, it is important to consider the frequency when designing and 

testing Zp as it must comply to the specified equipment. For example, a different Zp is 

expected when tested at frequencies in accordance with the previously mentioned 

systems (i.e., TENS, EMG, ECG and BIA). 

!"!! = $%" + '#"       Equation 4.1 

where 

'# = $
"%&#	 	 	 	 	 	 	 	 Equation 4.2 

For the rest of the manuscript Zp is used as the modulus for simplicity. 

4.1.2 Previous research  

Researchers have adapted various testing methodologies in studying the efficiency 

of e-textile electrodes. The two main strategies used to test the electrodes sensors 

are (i) testing sensors autonomously or (ii) adapting them to medical equipment (i.e., 

EMG’s and ECG’s). A simple test analysing the electrodes autonomously is conducted 

by measuring the DC resistance of the conductive surface using a multimeter 

[53,197,202,204]. However, provided that most medical systems use AC, the actual 

Zp is not defined. Another approach is by using a multi-meter to measure to the AC 

impedance at different points across the surface of the electrode. However, 

measurements at various points can differ depending on the surface topography of 

the fabricated electrode and does not measure the impedance relative to the surface 

area of the electrode. Measurements for Zp of e-textiles have been studied using 

agar-agar phantom skin imitating human skin, specifically the curves of the body. The 

advantage of this method is the e-textile electrodes are measured in an ideal 
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application by taking the form of the body. However, Zes and Zp	 cannot be 

extrapolated; in addition, agar-agar can be influenced by time. This phantom skin can 

dehydrate over time thus changing its properties that influence the results. 

Moreover, it compares one e-textile electrode to an Ag/AgCl electrode as a reference. 

This is common in many studies; however, this does not present an ideal 

methodology given that electrodes are coupled when adapted to medical systems. 

Research measuring the signal-to-noise-ratio (SNR) overlook the measurement of Zp 

as a standalone parameter. Although, it is an ideal ‘applied’ solution there can be 

many external factors that influence the SNR independent of electrode application.  

Electrodes are adapted for AC applications; thus, research measuring the DC R omit 

the capacitive resistance of the electrode (XC) that is dependent on the frequency. 

Neglecting to measure Zp, Zes is compromised. This could be the cause of a 

discrepancy in efficiency in Berk et al.’s [204] study on embroidered electrodes. The 

e-textile electrode possessing a low R, was not efficient in terms of SNR for a TENS 

system. Shafti et al.’s research demonstrated a correlation between e-textile 

electrodes and Ag/AgCl electrodes for sEMG (surface EMG) measurements. However, 

comparable to Berk et al. this study also overlooked XC.  	

Kannaian et al. [53] conducted AC measurements adapted for an ECG system. At 

these low frequencies, Zp was identified as 1.4 MΩ. By measuring the SNR, it was also 

observed that this remained consistent when the amount of conductive thread used 

was reduced by 50%. However, this research was conducted based only on two sets 

of e-textile electrodes.   

Previous research into e-textile electrodes is conducted for use with systems that 

operate at much lower frequencies than BIA systems. Moreover, all possible variables 

associated with embroidery electrodes are not addressed thus neglecting possible 

combinations in the design process. In addition, neglecting Zp results in inconsistent 

research on efficiently designed embroidered electrodes. In this study, the aim is to 

address these limitations by (i) incorporating the possible embroidery variables in 

order to measure Zp at a frequency of 50 kHz and (ii) identifying the optimal variables 

for reducing Zp of e-textiles. Maintaining a single frequency, possibility of frequency 

dependency on the material properties is reduced.   

Measurements were performed on e-textile electrodes in a dry and wet state, 

evaluating R and XC relative to Zp. In addition, these parameters were associated to 

the variables of the e-textile electrodes. This study provides a better understanding 

to the equivalent electrical circuit of embroidered electrodes for BIA systems 

operating at 50 kHz. It is hypothesised that the fabrication process of dry electrodes 

requires a large amount of conductive material to reduce Zp. Thus, the utilization of 

conductive thread as a fundamental material was evaluated by varying certain 
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variables associated with the fabrication process including the surface area of the 

electrodes and the embroidery settings at 50 kHz. 

4.2 Materials and methods 

The substrate selected for the e-textile electrodes was a polyester non-woven felt 

commercially purchased with a thickness of about 1 mm. This substrate was 

preferred due to its strong friction properties; thus, avoiding any issues of the textile 

slipping in the fabrication process. It has close to zero elasticity and very low drape, 

allowing for a consistency in embroidery stitches across the surface area. In addition, 

it is resistant to fraying resulting in a tightly compact e-textile electrode without the 

risk of the threads pulling apart. These characteristics of the felt assist in the simplicity 

of the fabrication process and there is less concern over any textile movement while 

conducting measurements in the experiment. The Shieldex Conductive Twisted Yarn 

was used to provide conductivity to the electrode with the selected non-conductive 

thread. 

The electrodes were measured in pairs using a wafer method [48] interfaced with a 

dry and wet material. The dry material was selected based on the criteria of 

possessing low dielectric properties to minimise any impact on the conductivity of 

the e-textile electrodes. For the wet material, selection was based on its high ionic 

properties. To test in a dry configuration, a piece of non-woven polyester was used 

with dimensions 4.5 x 4 cm. This material was chosen as it is impervious to water thus 

not absorbing humidity resulting in a consistent dielectric as its electrical properties 

remain unaltered in time. A commercially available hydrogel pad (Medela) was 

chosen for the wet configuration with identical dimensions to the non-woven 

polyester felt used as the dry configuration interface (4.5 x 4 cm). The composition of 

the hydrogel pad includes water, Sodium AMPS and glycerol. Sodium AMPS possesses 

high ionic properties providing a conductive pathway for the penetration of charge 

through the skin. Thus, it can be hypothesised that this will cause a redox reaction 

reducing Zp and Zes. This hypothesis is based on the function of the agarose ‘gel’ layer 

of Ag/AgCl electrodes causing them to be an ideal non-polarized electrode. However, 

due to the dehydration issues associated with Ag/AgCl an interface that could 

potentially delay the onset of drying was selected. The glycerol composite of the 

Medela hydrogel pad assists in maintaining the moist properties of the pad while 

moisturising the skin thus preventing any skin irritations. In addition, glycerol has 

certain skin healing properties [228,229].  



 

 71 

4.3 Methodology  

4.3.1 Sample Fabrication  

The design of the electrodes was based on current clinical electrodes. Nescolarde et 

al. tested the efficiency of four rectangular shaped Ag/AgCl electrodes in terms of 

their resistance and reactance [50] using a wafer test method. The method was 

adopted for this study and provided a base for the surface area of the e-textile 

electrodes. For the stitch types of the e-textile electrodes the standard embroidery 

stitches were used, specifically the weave and satin stitches. The stitch length and 

density were varied from the default settings of the EasyDesign EX software where 

applicable. Apropos to the satin stitch length, a specified embroidery parameter on 

the software auto split was set. Satin stitches are limited by the fact that machines 

do not execute them for areas over 12 mm in width; therefore, to cover the large 

areas in this research auto split breaks the long satin stitches into shorter ones by 

distributing the needle penetrations randomly. Contrary to this, weave stitches are 

preferred for large areas in a design and as such the software provided the option of 

user control relating to the stitch length. The software EasyDesign EX stitch density 

settings also differ for the satin and weave stitch; the former is set in terms of 

percentage (%) coverage of the embroidery area while the latter is in terms of 

distance (mm) from adjacent interlocks. The correlation between percentage (%) in 

terms of distance (mm) is calculated through an algorithm which is IP protected by 

the company; thus, this work is limited in relating the density between a satin and 

weave stitch in terms of distance. By increasing and decreasing the stich parameters, 

the electrodes presented in Table 4.1 were fabricated, refer to Table 4.2 for the 

associated stitch characteristics. The fabrication method and test set-up of the e-

textile electrodes is presented in Figure 4.1.  

Table 4.1 Electrode types - stitch and size mapped to convention [47] “© IOP 

Publishing. Reproduced with permission.  All rights reserved.” 

Stitch type and electrode  
 convention 

Dimensions (cm) Surface Area (cm2) 

Weave Stitch (W-E1) 4 × 3.3 13.2 

Satin Stitch (S-E1)   

Weave Stitch (W-E2) 3.2 × 3.2 10.2 

Satin Stitch (S-E2)   

Weave Stitch (W-E3) 2.7 × 2.9 7.8 

Satin Stitch (S-E3)   

Weave Stitch (W-E4) 2.3 × 2.5 5.7 

Satin Stitch (S-E4)   
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Table 4.2 Stitch variables [47]. “© IOP Publishing.  Reproduced with permission.  All 

rights reserved.” 

Stitch Type  Stitch Type Stitch Length Stitch Spacing / 
Density 

FE-n Base Stitch (-BS) Weave 3.5 mm 0.4 mm 

FE-n Long Stitch (-LS) Weave 7.0 mm 0.4 mm 

FE-n Low Density (-LD) Weave 3.5 mm 0.8 mm 

SE-n 50% Density (-50%D)  Satin N/A 50% 

SE-n 150% Density (-150%D) Satin N/A 150% 

*n refers to electrode size convention in Table 4.1 (1, 2, 3, 4)  

**throughout this article the samples are coded, for example, W-E1-BS 

 

Figure 4.1 Fabrication and experimental process: (a) embroidery setup, (b) sample e-

textile electrode prepared with snap, i.e., ball and spiked ring components (c) e-

textile electrode with hydrogel pad tested as a wet e-electrodes, and (d) LCR meter 

with frequency setting 50 kHz [47]. “© IOP Publishing. Reproduced with 

permission.  All rights reserved.” 

Another important aspect associated with the design of the e-textile electrodes, is 

the amount of yarn consumed. A textile and fabric weighing scale balance with an 

accuracy of the nearest 0.01 g and 200 g capacity was used to measure the substrates 

absent of embroidery and the embroidered substrates acting as the e-textile 

electrodes. The measurements were recorded accordingly for the various sizes 

adapted for the e-textile electrode fabrication. The linear mass density equation 
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(Appendix I) was used for the conductive and polyester threads to determine the 

amount of the conductive thread that was used to produce the e-textile electrodes.   

4.3.2 Experimental methodology 

To conduct the tests, the triple-layer wafer methodology was adopted. The 

interfacing polyester non-woven felt and the samples of hydrogel pads were 

interposed between a pair of e-textile electrodes coming into contact with the inner-

side of the electrodes (the conductive side). This created a wet and dry configuration 

in addition to preventing the metal components of the e-textiles (i.e., the snap 

fasteners) causing a short circuit from the rings of the snap fasteners. For the dry 

configuration, to couple the three layers while maintaining consistency across the 

measurements external adjoining support was required. Mini wooden craft pegs 

were chosen as dry wood is an insulator and will not influence any polarization 

measurements. The pegs were carefully positioned at the edges of the four corners 

of the substrate making sure they did not come into contact with the embroidered 

region avoiding any pressure distribution across the electrodes. Pressure is known to 

have an impact on Zp and the impact of pressure on e-textile electrodes is outside the 

scope of this project. Contrary, the hydrogel swatch possesses adhesive properties 

and no external support was required for the wet configuration.  

 

Figure 4.2 Experimental protocol [47]. “© IOP Publishing. Reproduced with 

permission.  All rights reserved.” 

To test the efficiency of the e-textile electrodes for BIA applications using AC, its 

associated parameters, R and XC were measured using a voltage driven HM8118 LCR 

Meter. The setup is presented in Figure 4.2. Although BIA is current driven, provided 

the e-textile electrodes are tested autonomously as a material, voltage driven 

equipment has been adapted. Given that electrodes are coupled when used with 

medical equipment, a dipolar electrode was setup by connecting the ball part of the 

snap-fasteners to the LCR bridge using the Kelvin (4-Wire) test leads as dual contact 

probes. The HM8118 LCR bridge was calibrated by connecting the two probes in 

order to obtain a 0 measurement.  
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The electrode wafer configurations were connected to the LCR bridge over a three-

minute period enabling dynamic testing of Zp. For the dry configuration, this 

timeframe was sufficient to observe no change in measurements. However, the 

hydrogel pad displayed unstable measurements. Inconsistent fluctuations of R and XC 

were observed. Thus, the experimental protocol was designed to take measurements 

every 20 seconds for 20 intervals. A period of 20 seconds was selected allowing 

adequate time to record measurements. To comply with a small error rate (of about 

5%), 20 intervals was adequate for the experiment. These measurements were taken 

over a continuous function of time and are considered dynamic; thus, eliminating the 

need for analysis in terms or error, such as standard deviation and error bars [47].  

4.4 Results 

4.4.1 Electrodes in dry and wet form 

To analyse the results, the e-textile electrodes were categorised and grouped relative 

to their stitch type and surface area (the electrode size), respectively, while the 

various stitch variables are shown within the surface area grouping. By adapting the 

dynamic measurement protocol over a three-minute period, the dry electrode 

configuration displayed consistent measurements of R and XC for all e-textile 

electrodes, shown in Figure 4.3. However, for the e-textile electrodes in the wet form 

R and XC was averaged over the 20 intervals, refer to Figure 4.4, the actual 

measurements are available in Appendix II.  

 

Figure 4.3 Dry wafer measurements of e-textile electrode samples (refer to table 4.2 

for conventions) [47]. “© IOP Publishing. Reproduced with permission.  All rights 

reserved.” 
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Figure 4.4 Wet wafer measurements of e-textile electrode samples [47]. “© IOP 

Publishing. Reproduced with permission.  All rights reserved.” 

It was observed that R and XC were not relative to a single electrode sample. More 

precisely, a low R relating to an electrode did not correlate to a low XC. For the dry 

electrode configuration, the satin stitched samples with the largest surface area of 

13.2 cm2 (S-E1) possessed the lowest R and XC. However, these measurements were 

obtained from electrodes fabricated with two different stitch variables. Sample S-E1-

50%, with the lowest satin stitch density resulted in the lowest R of 1.28 kΩ. Contrary 

to this, the sample with the largest stitch density (S-E1-150%) possessed the lowest 

XC of 240 kΩ. 

Thus, it was observed in the dry state, low R and XC values are related to a large 

conductive surface area. This was verified by highlighting the highest R and XC values 

obtained. The electrodes with the smallest surface area resulted in large R and XC 

values. However, in this case the results were associated with the two different stitch 

types, although both were from samples with low stitch densities. Sample W-E4-LD 

with a weave stitch had R of 8.8 kΩ indicating a tremendous increase compared to 

the stitch sample S-E1-50%D, where R is about 1.3 kΩ. Although this sample 

presented the lowest R across the electrodes with the smallest surface area, it 

exhibited one of the largest XC measurements, with a difference of 11 kΩ to the 

largest XC measurements across all electrodes.  

In contrast to the dry electrodes, the wet electrodes did not demonstrate consistency 

over time displaying creep where R and XC of each sample showed an increase over 

the allocated time period (refer to Appendix II). Thus, the mean of each parameter 

relative to the samples was analysed, Figure 4.4. In the wet electrode configuration, 
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the lowest R was observed from the sample set that was fabricated with a large 

surface area analogous to the wet configuration. However, this sample was 

fabricated with the largest stitch density, sample S-E1-150% displayed an R as low as 

8.3 Ω. Contrary to the dry electrode configuration, the lowest XC value was measured 

from a sample set belonging to the category of the weave stitch electrodes with the 

smallest surface area. Sample W-E4-LS with a long stitch had a mean XC of 0.55 Ω. 

However, sample W-E4-LD belonging to the same category (W-E4) with the lowest 

density presented the largest R of 182 Ω. The largest XC measurement was sporadic 

and was not related to the categories of largest or smallest surface area although it 

was fabricated with a reduced stitch density setting. Sample W-E3-LD showed a XC of 

55 Ω.  

It was observed that the efficiency of the dry electrode cannot be analysed through 

R and XC independently and are not identically influenced relative to the 

configuration (wet or dry) or to changes relating to the electrode variables. 

Therefore, Zp was calculated for the electrodes comprising of R and XC, refer to Figure 

4.5. For the dry configuration, the electrodes possess a higher XC relative to R; hence, 

XC dominantly contributes to Zp. For example, observing sample W-E1-LS, where R 

has a value of 2.75 kΩ while XC is much larger measured at 244 kΩ. Zp was calculated 

to have a value identical to XC, 244 kΩ. However, for the wet configuration the 

measured R is much greater than XC resulting in a significant contributing to Zp. One 

example is sample W-E1-LS where R is 14.84 Ω, while XC is as low as 1.9 Ω resulting in 

Zp of 14.84.  

In the wet electrode configuration, the tests resulted in supporting the hypothesis of 

a reduction in R and XC by a magnitude of kΩ. However, this specific hydrogel was 

selected for its glycerol properties preserving the moisture content of the wet pad 

that would provide stability in measurements over time. This study indicated that 

there is no consistency in Zp across the electrodes relative to their variables, refer to 

Figure 5.5. In addition, the creep observed in each electrode sample (Appendix II) 

indicates dehydration of the gel pads. The dry electrode configuration displayed 

consistency in measurements across the samples; thus, the remainder of this study 

focused on the variables influencing the parameters associate to the dry electrode 

configuration.  

The individual measured parameters, R and XC are presented in Table 4.3. Zp was also 

calculated for all samples. In addition, the volume impedance was identified to 

quantify the ability for charge to travel along the electrodes. Sheet resistance is 

commonly adapted for conductive 2D materials. However, studying e-textile 

electrodes, the mechanics of stitching and the embroidered structure need to be 

accounted. The conductive thread forms a 3D plane and Zp occurs along and 

perpendicular to the electrode plane. Thus, sheet resistance cannot be applied to 
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isolate Zp from the size and shape of the electrodes. Therefore, the 3D properties of 

the electrodes were taken into consideration to calculate the volume impedance 

(Zp/v) measuring Zp per cm3 using equation 4.3. 

"! '⁄ = )!
*         Equation 4.3 

where the volume (V) is  

) = +×-×.
" ,        Equation 4.4 

and is calculated by measuring the length (l), width (w) and height (h) of the e-textile 

electrodes. 

For accurate calculations, it is important to note that the conductive section of the 

electrode is of importance (i.e., the inner-side). To ensure accuracy, the thread 

tension of the embroidery machine must be balanced where the interlocking of the 

conductive and non-conductive threads occur across the centre plane of the 

substrate (Appendix I). Thus, the total height of the electrode was measured and 

divided by two eliminating the height of the non-conductive thread. This 

standardised method allows comparisons between various shaped e-textile 

electrodes based on efficiency. Zp/v was included in Table 4.3.  

Table 4.3 %, '# , "! and "! '⁄  for dry e-textile electrode samples [47]. “© IOP 
Publishing. Reproduced with permission.  All rights reserved.” 

Electrode 
set 

Surface area 
(cm2) 

Quantity of 
conductive 
thread (m) 

! (kΩ) "" (kΩ) ## (kΩ) ## $⁄  
(kΩ) / 
cm3 

W-E1-BS 13.2 8.61 2.75 261 261 186 

W-E1-LS  8.04 2.75 244 244 153 

W-E1-LD  4.33 2.75 284 284 237 

S-E1-50%D  4.22 1.28 296 296 211 

S-E1-150%D  12.56 2.61 240 240 150 

W-E2-BS 10.2 5.7 3.35 303 303 303 

W-E2-LS  5.33 3.45 299 299 249 

W-E2-LD  2.99 3.45 322 322 358 

S-E2-50%D  2.86 5.35 345 345 345 

S-E2-150%D  8.82 3.72 305 305 235 

W-E3-BS 7.8 4.04 4.73 354 354 443 

W-E3-LS  3.56 5.94 353 353 392 

W-E3-LD  0.93 5.76 390 390 557 

S-E3-50%D  1.41 5.94 389 389 486 

S-E3-150%D  5.67 5.77 349 349 349 

W-E4-BS 5.7 1.87 3.99 457 457 762 

W-E4-LS  1.62 8.01 421 421 601 

W-E4-LD  0.05 8.80 473 473 946 

S-E4-50%D  0.08 7.93 462 462 770 

S-E4-150%D  3.56 7.50 390 390 557 
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4.4.2 Surface area 

The lowest R and XC measurements obtained across the electrodes was studied. It 

was observed that for the dry configuration both instances were related to the 

electrodes having the largest surface area. An inverse relationship was observed for 

R and XC relative to the surface area. An increase in the surface area resulted in a 

decrease in R and XC. However, this was not consistent for all electrodes. The weave 

stitch electrode with base stitch variables (i.e., stitch length and density 3.5 mm and 

0.4 mm, respectively) defied this trend at one instance. Specifically, comparing 

sample the two samples W-E4-BS and W-E3-BS with surface areas of 5.7 cm2 and 7.8 

cm2 respectively an increase in surface area displayed a decrease in R, from 4.73 to 

3.99 kΩ respectively. Therefore, XC accounts for R in Zp decreasing relative to the 

increase of surface area; where Zp for W-E4-BS and W-E3-BS were calculated to be 

457 and 354 kΩ. On closer inspection of the results in Table 4.3, it is obvious that in 

the dry state XC associated with the capacitance of the e-textile electrodes is closely 

related to the overall Zp; where for all electrodes Zp = XC.  

Relating Zp to the surface area of the e-textiles, it can be noted that an increase in the 

surface area of the electrodes while maintaining the stitch variables consistent 

resulted in a reduction in Zp, refer to Figure 4.5. Thus, the electrodes with the greatest 

surface area measuring 13.2 cm2 possessed the least Zp indicating the most efficient 

group in terms of size. In contrast, the electrodes with the lowest surface area of 5.7 

cm2 demonstrated the lowest Zp; thus, these electrodes are the least suitable. The e-

textile electrodes in the largest electrode grouping for each category (i.e., weave and 

sating stitch): W-E1-BS, W-E1-LS, W-E1-LD, S-E1-50%D and S-E1-150%D, resulted in 

Zp of 261, 244, 284, 296 and 240 kΩ respectively. Contrary to this, the electrodes in 

smallest surface area groups: W-E4-BS, W-E4-LS, W-E4-LD, S-E4-50%D and S-E4-

150%D resulted in Zp of 475, 421, 473, 472 and 390 kΩ respectively. This indicates a 

difference close to 50% in Zp implying a preference for larger surface areas where 

more conductive yarn is consumed in the fabricating process of the e-textile 

electrodes. A larger surface area implies more silver thread thus higher conductivity 

reducing the impedance. However, a threshold on the amount of conductive thread 

used was identified.  
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Figure 4.5 Zp for e-textile electrode samples (a) weave and (b) satin stich dry wafer 

measurements; (c) weave and (d) satin stitch wet wafer measurements [47]. “© IOP 

Publishing. Reproduced with permission.  All rights reserved.” 

4.4.3 Stitch parameters 

The two stitch parameters varied in this study pertaining to both stitch types were (i) 

the stitch length and (ii) stitch density. For the weave stitch, the stitch density is 

measured in mm while the satin stitch density is measure in %. An increase in stitch 

density for the satin stitch means the spacing between the stitches decreases 

contrary to a weave stitch where an increase in stitch density results in an increase 

in stitch spacing. By reducing the stitch spacing there is an increase in conductive yarn 

used for the electrodes. Given that a significant capacitance behaviour of the 

electrodes was observed, it is expected to have a decrease in Zp by increasing the 

stitch density due to an increase in conductivity. Tripling the stitch density from 50% 

to 150% for sample set S-E1 resulted in Zp decreasing from 296 to 240 kΩ. Comparing 

the weave samples W-E1, increasing the stitch spacing resulted in a reduction of 

conductive thread used on the sample thus Zp also increased. For example, W-E1-BS 

resulted in a Zp of 261 kΩ while a 50% decrease in stitch spacing for the W-E1-LD 

electrode demonstrated Zp of 284 kΩ.  

Provided there is control over the stitch length variable for the weave stitch, the stitch 

length was increased while maintaining the denser stitch spacing. A slight 

improvement was observed for Zp, decreasing to 244 kΩ. The stitch length was 

doubled from the base stitch, where the base stitch length default setting of the 

embroidery machine is 3.5 mm and the new stitch length was 7.0 mm. This could be 

attributed to the number of interlocks in the embroidery process.  
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To understand this, a basic concept of the embroidery process is required (Figure 2, 

Appendix I). Embroidery machines create stitches using a mechanical lockstitch 

method. A lockstitch is defined by the interlocking of the needle thread and bobbin 

thread. The needle thread is passed through the bobbin compartment forming an 

eyelet passing around the bobbin thread. When the threads form an interlock, they 

have a mechanical pull on one another forming the stitch. Therefore, the needle 

thread creates a tension force on the underlying bobbin thread. Thus, the polyester 

thread creates extra resistance to the conductance of the conductive bobbin thread 

of the e-textile electrodes. Thus, increasing the stitch length by 50% should 

theoretically result in a 50% reduction of interlocks implying there is a reduction of 

tension force applied to the conductive thread. Therefore, a reduction in Zp is 

expected. In this study, an increase in stitch length of 50% resulted in a 6.5% 

reduction of Zp. Although, a relatively small decrease is anticipated compared to the 

influence of the surface area and stitch density.  

4.4.4 Quantity of conductive thread 

By measuring the amount of conductive yarn consumed for the electrodes, the 

influence of the conductive component of the electrode can be determined. Figure 

4.6 presents the amount of conductive thread consumed against Zp across all 

electrodes. It was observed that a this is a non-linear dependant variable. Although, 

the predicted trend whereby an increase in conductive thread results in a reduction 

in Zp is profound  

 

Figure 4.6 Influence of length of conductive thread on Zp for the e-textile electrodes 

[47]. “© IOP Publishing. Reproduced with permission.  All rights reserved.” 

From Figure 4.3, it can be observed that the sample electrodes W-E1-LS and S-E1-

150%D possessed a similar Zp, with as little as 2% difference. However, when 

analysing the length of conductive yarn in each electrode, W-E1-LS used 40% less 

than S-E1-150%D, refer to Figure 4.6. This could potentially present a threshold 
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relating to the amount of conductive yarn consumed whereby Zp is not influenced by 

the stitch type. By comparing the two electrodes, the satin stitch does perform better 

than the weave stitch; however, the latter is preferable due to the large reduction in 

consumed conductive thread. This reduction decreases the rigidness of the electrode 

providing a better contour when worn on the body while reducing the manufacturing 

costs.  

4.5 Equivalent Circuit Theory 

The circuit equivalent for the experimental setup can be expressed as two parallel RC 

circuits in series. To identify the capacitive and the resistive components for each of 

the e-textiles. The following equations for the resistance – R (Equation 4.9) and 

capacitance – C (Equation 4.10) can be applied to determine the circuit equivalent. 

This can be adopted for various frequencies.  

 
Figure 4.7 Equivalent circuit. 
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%+ = "/
$13+/+#+ 	

%+(1 + 0"%"1") = 2% 	
%+ + %+0"%"1" − 2% = 0      Equation 4.5	

	
,- = 4"3/+#

$13+/+#+ 	
,-(1 + 0"%"1") = −20%"1 	
,- + ,-0"%"1" + 20%"1 = 0     Equation 4.6	

	
%+ + %+0"%"1" − 2% = 0      Equation 4.5	
1 + 0"%"1" − "/

/7 = 0       (÷Re)	
,- 61 + 0"%"1" − "/

/77 = 0       (× ,-)	
,- + ,-0"%"1" − "/89

/7 = 0      Equation 4.7 

,- + ,-0"%"1" + 20%"1 = ,- + ,-0"%"1" − "/89
/7    (2)=(3)	

% 620%1 + "89
/7 7 = 0 	

20%1 = "89
/7  	

%1 = "89
/7"3        Equation 4.8 
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/7"37
"
= 2% 	

8 = 6$"7%+ + %+0
" 6 "89/7"37

"
      Equation 4.9	

9 = "89
//7"3        Equation 4.10 

 

4.6 Discussion 

This research identified that dry e-textile electrodes for AC measurements act as 

conductors composed of resistive and capacitive components. An electrode can be 

represented as an equivalent electrical circuit, specifically an RC in parallel circuit. For 

a predefined frequency of 50 kHz, R has a negligible influence on Zp, where Zp is 

identical to XC. Much research into measuring the efficiency of dry electrodes only 

account for R or the sheet resistance (RS), the resistance per square. This study shows 

the importance of incorporating XC into the measurements. Studying Zp for dry 

electrodes results in an accurate insight into the efficiency of dry electrodes. This is 

evident in the results of this study where the lowest R and XC values were not 

associated to a single electrode with specific parameters indicating no correlation of 

R and XC. Thus, it is critical to measure Zp.  
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The influence of the embroidery variables on Zp was also presented. To reduce Zp, an 

increase in the conductivity is required. This can be achieved by increasing the 

electrodes surface area and stitch density to increase the amount of yarn of the e-

textile electrodes thus increasing the conductivity of the e-textile electrodes causing 

a reduction in the Zp. However, observing the amount of conductive yarn used for the 

electrodes (in terms of length) it is safe to assume that there is a threshold relating 

to the type of stitch used in the fabrication process. By achieving this threshold, the 

amount of conductive yarn used does not influence Zp. Although, Berk et al. [204] 

suggested that decreasing the amount of yarn used by reducing the stitch density 

resulted in a decrease in resistance across all stitch types presented using a similar 

yarn to this research. Antithesis, the findings presented here are measured in terms 

of Zp taking into account XC. Thus, indicating that for an efficient e-textile electrode a 

reduction in Zp can be achieved by: (i) increasing the surface area and (ii) increasing 

the stitch length and density. In addition, the threshold observed indicates that Zp is 

not impacted by the amount of yarn used for the e-textile electrode.    

4.7 Conclusion  

In this study, it was determined that the most efficient e-textile electrode had a 

surface area of 13.2 cm2. It was fabricated with a weave stitch with a stitch length of 

7 mm and a density of 0.4 mm. Zp was measured to be 244 kΩ, representing close to 

a 50% reduction compared to the various electrodes evaluated in this study. For this 

e-textile electrode, 8 m of conductive thread was used, making it ergonomic in 

addition to efficiency in manufacturing costs. This study presents the importance of 

measuring Zp of dry electrodes to adapt to BIA systems and the influence of 

embroidery variables of the electrode design.  
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Chapter 5 

Evaluating e-textiles for usability with BIA application 

5.1 Introduction  

Adapting Bioelectrical Impedance Analysis (BIA) as a diagnostic tool [44,45,168–

170,74,134,137–139,163,166,167] to monitor electrophysiological activities can 

potentially improve the quality of life for patients while reducing costs and efficiency 

in the health system. An ideal application would be to develop a diagnostic system 

permitting patient self-monitoring in home settings resulting in a reduction in the 

length of hospital stays, visits to emergency departments and number of hospital 

readmissions [230]. Recent research into further development of internet 

applications, has given rise to the Internet of Things improving telemedicine. 

However, telemedicine today is still based on the traditional patient-doctor 

interaction. To improve this current situation, technology has the potential to collect 

objective diagnostic data using BIA from the patient in the comfort of their 

surroundings and transmit this data to a practitioner in real time. In order to not 

restrict the patient’s daily activities, a wearable system should be designed for long-

term monitoring while accounting for the patient’s physiological comfort. Recently, 

research into conductive yarns have given rise to the fabrication of e-textiles. This has 

given an opportunity to replace wet electrodes with e-textile electrodes for BIA 

systems.  

E-textile electrodes fabricated with embroidery techniques are advantageous for 

long term monitoring due to its simple fabrication process, and versatility allowing 

customisation of the electrodes relating to a patient’s ailment [53,202–204]. 

Although, e-textile electrodes are have been researched and tested with ECG, EEG 

and EMG biosignal analysis [60,61,206,219–221,225,226,231,63–65,199,201–

203,205], its polarization impedance (Zp) has been disregarded. A low Zp is associated 

with clear and concise measurements reducing any signal attenuation and distortion 

[47].  

Chapter 4 showed the influence of certain embroidery characteristics of e-textile 

electrodes relative to Zp for use with single frequency BIA (sfBIA) of 50 kHz [47]. Using 

a triple layer wafer experimental methodology, the electrodes were tested 

autonomously. It was observed that an increasing the e-textile electrodes surface 

area resulted in Zp being reduced significantly. This could be attributed to the amount 

of conductive yarn consumed in the fabrication of the e-textiles. Small changes to Zp 

were also noticeable when varying specific stitch variables, specifically regarding the 

stitch properties (i) type (ii) length and (iii) spacing (density).  
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This set the foundation in adapting e-textile electrodes for BIA systems. However, 

practically e-textile electrodes form the link between the system to the biotissue 

under study (BUS). Non-invasive contact electrodes adhere to the skin forming an 

electrode-skin interface. It is common for skin conditions to change, specifically the 

skin temperature and perspiration. Research into the physiological comfort of textiles 

focus on their properties relative to environmental temperature, moisture regain and 

breathability. Thus, adapting textiles as substrates for e-textile electrodes it is safe to 

hypothesis that skin temperature and perspiration relating to environmental 

temperature and moisture regain of textiles will influence Zp. In addition, 

breathability is important in selecting a substrate to improve the microclimate 

between the e-textile electrodes and skin. Air passing through the e-textile 

electrodes reduces the possibility of the skin temperature increasing while allowing 

perspiration vapor to be transported to the outside atmosphere. Thus, the study of 

the e-textile electrode based on practical conditions of the electrode-skin interface is 

important.  

This interface gives rise to an additional impedance, specifically the electrode-skin 

impedance (Zes) [51,184,232,233] and is influenced by the electrodes Zp. When using 

the BIA for diagnostics attached to paired e-textile electrodes, the system measures 

the impedance (Zm) of the BUS in addition to the Zes and can be expressed as: 

Zm = ZBUS + Zes + N,  

thus ZBUS = Zm - Zes - N,  

where Zm refers to the impedance measurement resulting deduced from the BIA 

system, ZBUS is the actual BUS impedance while the electrode-skin impedance is 

represented by Zes. This equation has also taken into account any unwanted noise N, 

this could be due to any motion or pressure artefacts [191,211,234,235]. However, 

the focus of this study is to understand the characterisation of Zp relating to e-textile 

electrodes.  

Isolating and resolving Zes is an ongoing problem in the field of electrophysiological 

activity measurements. Ag/AgCl are commonly used in clinical settings and have a 

layer of electrolyte ‘gel’ making the electrode non-polarized [179]. This results in a 

low Zes; however, electrode mismatch between the coupled electrodes continues to 

disrupt measurements. In addition, when this ‘gel’ layer dries and loses its 

adhesiveness an unstable Zm occurs leading to inaccurate analysis of the BUS. In 

addition, Zes is significantly affected. This gives rise to powerline interference thus 

contributing to N [49]. 

The ‘gel’ and ‘adhesive’ properties of wet electrodes give rise to degradation of the 

functioning electrodes reducing the ability of controlling changes in skin properties 
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over an extensive period of time. However, these issues can be resolved with the use 

of e-textile electrodes. By making use of textile properties, such as its permeability, 

changes in Zp associated with e-textile electrodes relative to skin properties can be 

identified, i.e., perspiration and temperature. Adapting a methodology to 

characterise this relationship can potentially lead to consistent and accurate system 

measurements (Zm). In addition, by characterising Zp relative to changes in skin 

properties, it can contribute to determining Zes which can facilitate in identifying ZBUS 

from Zm. Thus, it is important to select an appropriate substrate for the fabrication of 

e-textiles. It is preferable for the substrate to contribute to a reduced Zp in 

conjunction with a small change in Zp relative to changes in skin properties.  

5.1.1 Skin temperature and perspiration 

Body temperature refers to skin and core temperature; it is also the cause of 

perspiration. Skin is the largest sensory organ of the human body comprising of 

thermoreceptors that detect differences in temperature triggering the appropriate 

defence responses. Research has yet to identify whether skin acts as a feedforward 

or feedback control in thermoregulation. Feedback describes the skin temperature 

influence on the thermoregulation process. Contrary to this, feedforward implies the 

influence of the thermoregulation process on skin temperature [98]. 

It is understandable that skin temperature is dependent on environmental 

temperature in addition to body core temperature. However, it is also subject to skin 

properties such as skin thickness and its underlying structure. This results in varied 

skin temperatures associated to various parts of the human body.  

Skin temperature is also associated with a patient’s medical conditions. Regular 

bodily structure and function is disturbed due to any illness or ailment resulting in 

changes in skin temperature [101]. An increase in body temperature is caused by the 

body’s immune response acting to fight off any infections including viruses and 

bacteria. This gives rise to the production of perspiration from the sweat glands in 

order to reduce the skin temperature and maintain its thermophysiological 

temperature. Skin temperature is also affected by administrated anaesthesia during 

surgical procedures. General anaesthesia causes a decrease in the body’s 

temperature [96] while local anaesthesia decreases the temperature of the region.   

Thermophysiological skin temperature is defined as the temperature where the body 

feels comfortable. However, a defined threshold for the thermophysiological skin 

temperature has yet to be determined, although suggested thresholds in previous 

research demonstrate relatively close variances. Research conducted in 1936 

presented a threshold of 33.5 and 36.9°C for skin temperature [99]. However, with 

the advancement of technology it is expected that research conducted recently 

would reveal different thresholds, indicating a variation between 30-34°C [102–104]. 
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A correlation between skin temperature, skin wetness and relative humidity (RH) was 

demonstrated by Mole et al. [236]. It associates skin wetness to an increase in RH 

defining a low boundary at 40% RH for a temperature threshold of 30-34°C [236]. 

Given the research conducted in the area of skin temperature and skin wetness, these 

boundary conditions provide a foundation to test the influence of skin changes on Zp 

of e-textile electrodes.  

To reduce the influence of skin changes, the breathability of the e-textile electrode 

should be tested. This is associated with the comfort of the wearing the electrodes 

and the microclimate induced between the electrodes and skin. Fabricating e-textile 

electrodes that possess low air permeability can potentially cause the skin 

temperature to increasing giving rise to perspiration [237]. Refer to Appendix III for 

information on air permeability relating to textiles. Therefore, it is important to 

consider an e-textile electrode possessing a relatively large air permeability to 

maintain the skins thermoregulation. 

This study considers the impact of skin temperature and perspiration on Zp of the e-

textile electrodes. The current body of knowledge in skin properties was acquired to 

form an experimental protocol characterizing Zp of the e-textile electrodes fabricated 

on various substrates. An initial test was conducted in an ambient environment 

identical to the method in Chapter 4 [47] to verify the impact of substrate selection 

on Zp. To follow, the electrodes were placed in a climatic chamber and the 

temperature and RH were set to the boundary conditions emulating human skin 

temperature and perspiration; thus, Zp was measured accordingly. To conclude the 

selection of the substrate, it was important to consider the electrode-skin 

microclimate associated the physiological comfort of the e-textile electrodes, thus 

the air permeability was evaluated across all fabricated e-textile electrodes. By 

choosing an appropriate substrate, the influence of the shape of the electrodes was 

also considered. The shape of the electrode can have an impact on the polarization 

impedance due to the charge distribution and flux fringing. This is commonly 

associated with wearable antennae’s that operate at significantly higher frequencies.  

5.2 Method 

The process involved in fabricating the e-textile electrodes was presented in Chapter 

4. However, for this study the substrate of the e-textile electrodes varied in order to 

observe the impact of skin temperature and perspiration on Zp. It is important to 

select a substrate supporting a relatively low and stable Zp of the e-textile electrode 

across these changes in skin properties for accurate diagnostic measurements. Thus, 

the most common textiles in the textile industry were selected to evaluate their 

suitability substrates for e-textile electrodes. The selected substrates include the 

polyester non-woven felt (as presented in Chapter 4), and cotton substrates with 

various structures including plain weave, poplin and velvet. This ability to tailor e-
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textile electrodes potentially provides a fundamental approach into creating a 

diagnostic tool based on BIA measurements to monitor electrophysiological activity 

long-term. Referring to Figure 5.1a, the e-textile electrodes can be used with the BIA 

system in order to collect the electrophysiological measurements from the patient. 

However, the patient presents physiological properties that can influence the 

performance of the e-textile electrode. These physiological influences need to be 

considered in the design process of the e-textile electrode, Figure 5.1b.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Relation of a BIA diagnostic system and associated components with 

patient: (a) system relating to the monitoring the patient, (b) patient’s physiological 

parameters that can impact the e-textile electrodes [238]. “© IOP 

Publishing. Reproduced with permission.  All rights reserved.” 

5.2.1 The fabrication process 

The embroidery methodology reported in Chapter 4 [47] was used with different 

substrates to fabricate the e-textile electrodes. The substrates for this study were 

purchased commercially. They were selected based on their distinct properties in 

terms of (i) thread composition, (ii) textile structure, (iii) weight, (iv) thickness and (v) 

relative permittivity, refer to Table 5.1. Variables (i)-(iii) are provided by the 
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manufacturer while the other variables were measured with: (iv) a fabric thickness 

gauge and (v) a split post dielectric resonator. For an explanation on relative 

permittivity please refer to Appendix III. In addition to these properties, the 

substrates possessed a low drape resulting in relatively rigid textiles. To distinguish 

the structure of the substrates Scanning Electron Microscopy (SEM) was used, with 

the SEM images shown in Figure 5.2 (for a standard photo of the studied substrates 

refer to Figure 1 in Appendix III). This assists in the stability of the e-textile electrodes 

when conducting measurements. For the purpose of this study, an appropriate 

substrate for the fabrication of e-textile electrodes was selected based in the 

characteristics of Zp. The characteristics of the substrates are provided as a guideline 

and the correlation of Zp on the substrates properties is outside the scope of this 

study. For further information on the substrates, please refer to Appendix III. Future 

research will study the impact of the textile structures on Zp (refer to Chapter 7). This 

study adapted commercially available substrates emphasising the simplicity of the in-

house fabrication process. 

Table 5.1 Characteristics of selected substrates as a base for the e-textile electrodes 

[238]. “© IOP Publishing. Reproduced with permission.  All rights reserved.” 

 Substrate 1 (for e-
textile electrodes 
1 - E1) 

Substrate 2 (for e-
textile electrodes 
2 - E2) 

Substrate 3 (for e-
textile electrodes 
3 - E3) 

Substrate 4 (for e-
textile electrodes 
4 - E4) 

Description Cotton Plain 

Weave 

Cotton Poplin Cotton Velvet Polyester Non-

Woven Felt 

Composition Co 100% Co 100% Co 100% PES 100% 

Structure Plain Weave Poplin Velvet Non-Woven 

Weight 
(g/m2) 

200 100 300 200 

Thickness 
(mm) 

0.65 0.4 1 1.5 

εr 1.12 1.14 1.33 1.20 
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Figure 5.2 SEM representation of the selected textile substrates: (a) S1 (b) S2 (c) S3 

and (d) S4 [238]. “© IOP Publishing. Reproduced with permission.  All rights 

reserved.” 

 

The fundamental material providing conductivity to the e-textile electrode was the 

Shieldex Conductive Yarn which was used with the polyester non-conductive yarn. 

The electrodes were designed based on the findings in Chapter 4. E-textile electrodes 

rectangular in shape with a surface area of 13.2 cm2 demonstrated a reduction in Zp 

for the weave and satin stitch demonstrating comparable results. However, the 

weave stitch consumed less thread. The e-textile electrodes were reproduced for this 

study with the embroidery settings of stitch length and density of 7 mm and 0.4 mm 

respective. This embroidery design was created using the EasyDesign EX software 

that was connected to the Singer Futura XL-550 embroidery machine.  

The e-textile electrodes fabricated on the selected substrates (refer to Table 5.1) are 

shown in Figure 5.3. The samples were weighed in order to calculate the length of 

conductive thread used relative to the substrate using the textile units formula 

(Appendix I). The length of conductive thread measured in the sample sets were 

relatively close: E1 = 7.9 m; E2 = 7.3 m; E3 = 7.7 m and E4 = 7.6 m. Considering the 

electrodes as a whole, they were all fabricated with consistent embroidery settings 
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and thus they only differ in terms of the substrate. This difference in Zp can be due to 

the different substrate structures in terms of density, thickness or surface roughness. 

However, the selection of the substrate is based on its efficiency as an e-textile 

electrode as a whole. By selecting the most suitable substrate, 12 sets (2 samples per 

set) of rectangular and elliptical e-textile electrodes of the same surface area (i.e., 

13.2 cm2) were fabricated.  

 

Figure 5.3 Fabricated e-textile electrodes with selected substrates: (a) cotton plain 

weave (E1), (b) cotton poplin (E2), (c) cotton velvet (E3) and (d) polyester non-woven 

felt (E4) [238]. “© IOP Publishing. Reproduced with permission.  All rights reserved.” 

5.2.2 Experimental protocol 

To measure Zp of the various electrodes, the triple-layer wafer testing method [47] 

was adopted. This wafer method was prepared by having the inner-sides of the top 

and bottom electrodes interfaced with a polyester swatch measuring 45 x 40 mm. 

Polyester was selected due to its hydrophobic properties resulting in consistent 

electrical properties over time. The swatch was cut large enough to cover the 

conductive surface area of the electrodes to avoiding any short circuit. Non-

conductive wooden craft pegs were positioned at the corners of the electrodes 

stabilising the wafer configuration. These were clipped to the outer-edge of the 

embroidered surface and was only in contact with the substrates. Thus, preventing 

the cause of inaccurate measurements due to any pressure impacting the electrodes 

surface area.  

The HM8118 Meter was used to measure Zp. To test the electrodes in ambient 

temperature, the HM8118 was connected to the electrodes with Kelvin clip test leads 

attached to the ball-parts of the snap fasteners on the top and bottom electrodes 

(refer to Chapter 4).   

To emulate skin properties, the climatic chamber used for this study was the CCK-

25/48 (Dycometal, Spain). To test the rectangular electrodes in a climatic chamber, 
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care was taken into placing the electrodes to avoid any electrical interference. The 

craft pegs held the electrode at a distance from the grill of the chamber. The Kelvin 

clip test leads were passed through an aperture of the climatic chamber and 

connected to the electrodes by the ball-part of the snaps and the aperture was sealed 

with a rubber plug, that also stabilised the leads. 

Measuring the resistance (R) and reactance (XC) of the electrodes, the Zp was 

calculated for the e-textiles using the following equation: 

!"!! = $%" + '#",       Equation 5.1 

where '# = $
"%&#.       Equation 5.2 

For simplicity Zp is used as the modulus.  

Previous studies on the properties of textiles indicate a consistent resistance of a 

substrate across various samples showing that textiles are associated with a well-

defined resistance [239]. The electrodes were measured as a continuous function of 

time, as conducted in Chapter 4. Chapter 4 presented a consistent Zp over three 

minutes thus eliminating the use of standard deviation and error bars [47]. 

The electrodes were first tested in ambient room conditions with a temperature of 

25˚C before being placed into the climatic chamber. To emulate skin properties, the 

temperature and RH of the climatic chamber was varied with the thresholds 

identified in previous research, refer to Figure 5.4. The electrodes were tested for 

temperatures between 30 and 34˚C by 1˚C increments while RH ranged from 40 to 

90% incremented by 10%.  

By setting the climatic chamber to these RH boundaries defined by Mole et al. [236], 

skin wetness causes the textile to become wetter. This is dependent on the moisture 

regain of the substrate. After each experiment the electrodes were removed from 

the climatic chamber and let out to dry. Lastly, the PROWHITE AIRTEST II (PROWHITE, 

Istanbul, Turkey) was used and set at 200 Pa to test the air permeability of the 

electrodes. Measurements were recorded for the substrates and e-textile electrodes. 

By selecting the most appropriate textile as a substrate, a new set of rectangle 

electrodes were fabricated in addition to elliptical electrodes where Zp was tested in 

ambient conditions using the wafer method.  
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Figure 5.4 Experimental protocol using climatic chamber [238]. “© IOP 

Publishing. Reproduced with permission.  All rights reserved.” 

5.3 Results 

5.3.1 Testing in ambient conditions 

The different substrates used to fabricate the e-textile electrodes, resulted in a 

variance in Zp, refer to Figure 5.5. Due to its capacitive properties, as demonstrated 

in Chapter 4, the difference in εr of the various substrates impacted the overall 

impedance. Testing of the e-textile electrodes resulted in Zp for the sets: E1 - 269, E2 

- 284, E3 - 258 and E4 - 244 kΩ. Thus, it is observed that the polyester non-woven 

substrate demonstrated the lowest Zp with a 15% difference to the cotton poplin e-

textile electrodes which possessed the largest Zp in ambient conditions. Further study 

into the substrate’s properties showed no relationship to the substrate’s properties 

presented in Table 5.1. The set of electrodes with the lowest Zp were E4, followed by 

E3 then E1 while E2 presented the highest Zp. Their associated substrates: (i) εr – 1.2, 

1.33, 1.12 and 1.14; (ii) thickness (mm) – 1.5, 1, 0.4, 0.65; (iii) weight (g/m2) – 200, 

300, 200 and 100. The textile variables that can possibly influence Zp include: the 

structure of the textiles, the linear density of the thread used in the substrates or any 

finishing applied to the textile [55]. However, these variables are outside of the scope 

of this research. Nevertheless, given the application of e-textiles the impact of 

temperature and wetness on Zp was examined. 
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Figure 5.5 Ambient measurements of Zp relative to εr of substrate [238]. “© IOP 

Publishing. Reproduced with permission.  All rights reserved.” 

5.3.2 Testing using climatic chamber 

For each set of electrodes, the results of Zp relative to temperature and RH were 

plotted in Figure 5.6. It was observed that temperature does influence Zp. Absolute 

values of Zp are presented in Table 5.1 (Appendix IV). However, no direct correlation 

can be realized for the electrodes autonomously or across the various electrodes. To 

gain a better understanding of the temperature influence, Figure 5.7 presents the 

behaviour of Zp relative to a single unit of temperature increments. It is observed that 

the impact of temperature is relatively small; however, it is inconsistent displaying 

unpredictable fluctuations of Zp. This is evident across all sample sets for all RH 

settings. Sample set E1 demonstrated the largest changes relative to all the sample 

sets. Contrary to sample set E4 which was relatively stable and, in some instances, 

demonstrated no change in Zp. The greatest change in samples E4 were observed 

close to the boundaries for all RH settings, specifically increases in temperature from 

30˚C-31˚C and 33˚C-34˚C, with the least changes occurring between 31˚C-33˚C. The 

relative difference between Zp(max) and Zp(min) was calculated for the defined skin 

temperatures (30-34˚C) relative to the RH. The relative difference was found using 

Equation 5.3 and is presented in Table 5.2. It is evident that RH had a greater 

influence on Zp. Figure 5.8 presents the change in Zp corresponding to the 10% RH 

increments for all the temperature settings.  

;"<(%) = :!(-./0)4)!(-.23)
)!(-.23)

× 100     Equation 5.3 
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Table 5.2 Relative difference of Zp associated to skin properties (Equation 5.3) [238]. “© IOP Publishing. Reproduced with permission.  All rights 
reserved.” 

 40% 50% 60% 70% 80% 90% 40% 50% 60% 70% 80% 90% 
 E1 E2 

ΔZp
* (%) 7.6 7.6 8.2 9.9 9.9 9.8 2.1 2.1 2.1 2.4 3.8 2.8 
 E3 E4 

ΔZp
* (%) 2.4 1.4 1.4 0.4 2.6 9.0 2.5 2.9 3.3 3.8 5.0 6.5 

*Relative difference in Zp for temperature
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Figure 5.6a-b Impact of temperature and wetness (RH) on Zp: (a) E1 and (b) E2 [238]. “© IOP Publishing. Reproduced with permission.  All rights 
reserved.” 
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Figure 5.7c-d Impact of temperature and wetness (RH) on Zp: (c) E3 and (d) E4 [238]. “© IOP Publishing. Reproduced with permission.  All rights 
reserved.” 
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Figure 5.8a-b Relative change in Zp associated with temperature: (a) E1 and (b) E2 [238]. “© IOP Publishing. Reproduced with permission.  All 
rights reserved.” 
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Figure 5.9c-d Relative change in Zp associated with temperature: (c) E3 and (d) E4 [238]. “© IOP Publishing. Reproduced with permission.  All 
rights reserved.” 
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Figure 5.10a-b Relative change in Zp associated to increments of RH: (a) E1 and (b) E2 [238]. “© IOP Publishing. Reproduced with 
permission.  All rights reserved.” 

 



 

 101 

 

 

Figure 5.11c-d Relative change in Zp associated to increments of RH: (c) E3 and (d) E4 [238]. “© IOP Publishing. Reproduced with permission.  All 
rights reserved.” 
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Referring to Figure 5.8, it is observed that a greater change in Zp occurs relative to an 

increase in RH compared to a change in temperature. However, an inconsistency in 

Zp is evident across RH relative to temperature increments. When applying a 

polynomial trend R2 < 0.5, with samples E1 showing the weakest R2. Although sample 

sets E2, E3 and E4 are presented with a stronger correlation, no mathematical 

correlation is observed between the equations. This is observed by the parabolas 

alternating between positive and negative values and varies in width. Therefore, no 

relation was observed across the various temperatures (Table 2, Appendix IV).  

It is suggested that the temperature is dependent on RH for changes in Zp. Figure 5.8 

indicates a large decrease in Zp at a RH of 90% across for all electrode samples. Taking 

into consideration that textiles begin to dampen at about 80% RH, it is expected that 

at 90% RH substrate is considered wet due to the moisture content resulting in a 

significant drop in Zp. Therefore, the effect of RH on Zp within the range of 40-80% 

was analysed. By applying linear regression to the plots in Figure 5.6, the change in 

Zp relating to RH was observed, refer to Figure 5.9. The linear regression equations (y 
= mx + c) are presented in Table 5.3. Referring to Figure 5.9 and Table 5.3, samples 

E3 and E4 were observed to be impacted the least by changes in the applied 

temperatures and RH ranges with a close to ‘zero slope’ indicating small variation. 

However, samples E4 are preferred as they are indicative of possessing a lower Zp due 

to its lower y intercept value. This shows that any changes due to skin temperature 

and perspiration will not significantly impact Zp while maintaining a relatively low Zp. 
For electrophysiological measurements, this is an ideal substrate as any changes to 

the skin relating to the temperature and humidity from perspiration can result in the 

BIA measurements being unstable. Moreover, this study has determined the trends 

relating to skin temperature and perspiration across various substrates that can 

potentially be applied to BIA systems. This trend indicates the scale of interference; 

this, this can be taken into consideration when calibrating the design of the system.
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Table 5.3 Linear regressions associated to skin temperature relative to RH (40 - 80%): y = mx + c [238]. “© IOP Publishing. Reproduced with 
permission.  All rights reserved.” 

 30°C! R2 31°C R2 32°C R2 33°C R2 34°C R2 
E1 -1.0x + 342 0.98 -0.8x + 234 0.98 -1.3x + 351 0.93 -0.9x + 339 0.99 -1.0x + 325 0.98 
E2 -0.3x + 349 0.91 -0.3x + 346 0.92 -0.4x + 356 0.94 -0.5x + 357 0.95 -0.5x + 297 0.90 
E3 -0.2x + 292 0.86 -0.2x + 292 0.98 -0.3x + 297 0.97 -0.2x + 293 0.97 -0.5x + 310 0.94 
E4 -0.2x + 287 0.91 -0.3x + 295 0.95 -0.3x + 294 0.96 -0.2x + 290 0.98 -0.4x + 291 0.96 
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Figure 5.12a-b Zp linear regressions associated with skin properties - temperature and wetness RH (40 - 80%): (a) E1 and (b) E2 [238]. “© IOP 
Publishing. Reproduced with permission.  All rights reserved.” 
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Figure 5.13c-d Zp linear regressions associated with skin properties - temperature and wetness RH (40 - 80%): (c) E3 and (d) E4 [238]. “© IOP 
Publishing. Reproduced with permission.  All rights reserved.” 
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5.3.3 Comfort in terms of air permeability 

From the previous section, E4 demonstrated to perform the most efficient from all 
samples. However, it is vital to consider the physiological comfort of the electrodes. 
To ensure the consistency across the samples, SEM images of the conductive side of 
the e-textiles are shown in Figure 5.10. Air permeability tests were conducted on all 
substrates and e-textile electrodes, refer to Figure 5.11. It can be expected that the 
substrates have a higher permeability than the fabricated electrodes. This is due to 
the additional Ag/PA66 and PES stitched layers. The polyester non-woven substrate 
demonstrated the largest air permeability. This can be associated to it being non-
woven thus is more porous as a substrate. The embroidery process transforming the 
substrates into electrodes resulted in a reduction of air permeability for samples E1, 
E2 and E4 with a drop of 71%, 61% and 64%, respectively. However, sample E3 
demonstrated an increase in air permeability by 57%. Sample E3 is a dense substrate 
thus the needle penetration through the substrate could have created additional 
pores thus allowing more air to pass through the textile; although, its air permeability 
remains very low. Thus, comparing the electrode samples, E4 results in the highest 
air permeability due it’s non-woven structure with the needle penetration creating 
additional pores; thus, exhibiting an overall practical electrode that can be worn by 
patients.  
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Figure 5.14 SEM representations of the e-textile electrodes with various substrates: 
(a) E1, (b) E2, (c) E3 and (d) E4 [238]. “© IOP Publishing. Reproduced with 
permission.  All rights reserved.” 

 

 

Figure 5.15 Measuring air permeability for the: (a) substrates and (b) e-textile 
electrode samples [238]. “© IOP Publishing. Reproduced with permission.  All rights 
reserved.” 

 

5.3.4 Evaluation of shape on Zp  

By fabricating new rectangular electrodes (Samples Rectangular S-R1 to S-R12) with 
the elliptical electrodes (Samples Elliptical S-E1 to S-E12) on the non-woven polyester 
substrates, Zp was measured as shown in Figure 5.12. By testing the 12 sets for each 
shape, an average Zp of 235.4 and 205.8 kΩ was observed for the rectangular and 
elliptical e-textile electrodes, respectively. The range between the sample sets was 
relatively low, close to 4% for both shapes. There is a 13.5% difference in Zp due to 
the shape of the electrode. φ is indicative of a pure capacitive effect that is consistent 
across both shapes. The elliptical shape has an even charge distribution across the 
surface area, while the charge on the rectangular e-textile electrodes potentially 
stray to the edges.  
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Figure 5.16 Comparison of rectangular and elliptical electrodes.  

5.4 Discussion  

The fabrication of e-textile electrodes heavily depends on the properties relating to 
the three materials used, specifically: (i) the substrate, (ii) Ag/PA66 and (iii) PES 
thread. The embroidery settings were maintained the same for all samples; thus, it is 
safe to assume that there is a consistent amount of PES and Ag/PA66 thread. Ag/PA66 
is highly conductive and responsible for Zp due to the presence of silver. Contrary to 
this, the cotton and polyester substrates as well as the PES thread are insulators. 
However, a large difference in Zp was observed across the various substrates despite 
a comparable amount of yarn present in each electrode. In the results section, no 
correlation between Zp was identified and the properties of the substrates. It is 
recommended for future research the textiles are designed and fabricated for use as 
substrates to identify a correlation, refer to Chapter 7.  

In this chapter it was evident that a moisture regain associated with the substrates 
significantly impacted Zp. This is demonstrated where an increase in RH resulting in 
more moisture content present in the textile causes a reduction in Zp. However, this 
decrease is inconsistent across the samples. A study conducted by Murphy et al. [239] 
demonstrated that an increase in temperature and moisture content of the textile 
resulted in a decrease in resistance. Moreover, for settings where RH is greater than 
80% causing the textile to dampen, polarization of the textile occurs resulting in a 
substantial increase in conductance. This is also true for polyester. Shahzad et al. 
studied the conductivity of a hybrid polyester and stainless-steel (PSS) fibre-based 
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thread. Various samples were produced by increasing the amount of polyester in the 
yarn resulting an increase in linear electrical resistance of the thread. By testing the 
conductivity of these samples relative to an increase in RH when adapting a climatic 
chamber, the PSS thread demonstrated a stable resistance up to 80% with a 
predominant decrease above 80%. However, these two studies conducted by 
Murphy et al. and Shahzad et al. [239,240] measured the resistance in DC. The 
research conducted in this study uses AC at a frequency of 50 kHz to measure Zp, 
composed of a R and XC which also demonstrated a decrease in Zp with an increase in 
RH.  

The change in Zp relative to temperature for a RH between 40-80% is relatively small. 
E2, E3 and E4 presented a change between -1% to 3%. However, it is clear that when 
the textile is dampened (RH increases from 80%-90%) this also affects the 
temperature. Thus, it is evident that RH has a dominant influence on Zp due to the 
moisture regain.  

The findings of Zp relative to RH in this study is comparable to the studies conducted 
by Murphy et al. and Shahzad et al. [239,240]. The conductive thread used in this 
study (AgPA66) has a linear resistance of about 1,500 Ω/m and is comparable to the 
PSS thread produced by Shahzad et al., [240] with a linear resistance of about 1,350 
Ω/m. Thus, its behaviour to an increase in RH is expected to be identical. Shahzad et 
al. [240] demonstrated a constant resistivity of up to about 80% RH decreasing as RH 
increases above 80% RH. The investigation presented in this chapter shows a gradual 
reduction in Zp for the ranges of 40-80% RH. This is possibly associated with the 
reaction of the electrolyte impurities found in distilled water, the substrates and PES 
thread. The moisture regain of polyester and cotton is about 0.4% and 8.5% 
respectively. Thus, a gradient closely representing a ‘zero-slope’ is expected for the 
polyester non-woven felt e-textile electrode. The significant decrease in Zp at 90% can 
be related to any reactions of the Ag/PA66 electrolytic conductivity. 

This study identifies the influence of skin properties on Zp, specifically skin 
temperature and perspiration. Although water is the main component of sweat, it 
also consists of minerals, urea and lactic acid. The chemical elements of minerals 
include calcium, potassium, sodium and magnesium and can be found in salt form as 
ions; thus, acting as electrolytes in sweat and possessing conductive properties. Lactic 
acid is also known to have a slight conductivity while urea is considered an insulator. 
Therefore, to gain a better understanding of Zp relative to perspiration, a solution 
resembling human perspiration can be used to supply the climatic chamber. This will 
add further complexity to the experimental protocol as there is a mixture of 
conductive and insulating elements in addition to the electrodes. Thus, tests will be 
conducted on a regular basis to gain an understanding of the practicality of the 
electrodes for long-term monitoring.  
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Research in the area of e-textile electrodes focus on the influence of stitch 
characteristics and analyse the SNR compared to Ag/AgCl electrodes for specific 
applications, such as ECG and EMG [53,202]. However, the research conducted 
neglect to study the complexity associated with the changes in skin physiology and 
the impact of the textile substrates selection criteria. In this investigation, the 
importance of the e-textile substrate and its influence on Zp was identified relative to 
changes in skin properties relating to a patient’s medical conditions. In addition, it is 
important to take into consideration the air permeability of e-textiles associated with 
the physiological comfort for long-term monitoring. Moreover, an elliptical shape 
reduces Zp; thus, it is safe to assume that this will assist in reducing Zes. 

5.5 Conclusion 

This study identified the dependence of Zp associated with e-textile electrodes to the 
electrode’s substrate. There was also a strong correlation between Zp and RH. This 
could be from the substrates potential to reduce or increase the exposure of the 
electrodes to the electrolytes in the moisture absorbed. In addition, by forming an 
experimental protocol relating skin temperature and perspiration to climatic 
chamber settings the implications of variances in these variables attributing to 
changes in Zp of the electrodes was identified. Although, Zp relative to temperature 
displayed an irregular trend, a steady trend was associated with RH. It was observed 
that an increase in RH resulted in a decrease in Zp across all electrodes. The polyester 
non-woven felt was realised as a fitting substrate for e-textiles that can be used to 
monitor electrophysiological activities with BIA systems. Its trend displayed negligible 
variances due to changes in temperature and RH and maintained a lower Zp 
compared to the other substrates. This in addition to its high air permeability results 
in an e-textile electrode suitable for long-term monitoring. By fabricating elliptical e-
textile electrodes, a slight improvement in Zp was observed which can improve the 
efficacy of adapting e-textile electrodes to BIA measurements. The emergence of 
conductive yarn gives rise to the fabrication of e-textile electrodes that can be 
adapted for long-term electrophysiological monitoring. However, this presents a 
complex study of the electrode-skin interface in addition to the electrode’s material 
characteristics. This study will progress to its compatibility in BIA applications.   
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Chapter 6  

Comparison of e-textile and Ag/AgCl electrodes for BIA 

6.1 Introduction 

Clinical wound management is a growing problem and concern [1–4]. It is currently 
performed by practitioners and nurses in accordance with standards for wound 
prevention and management [106]. This methodology relies heavily on visual 
assessment leading to misinterpretation of the healing progress [5–9]. In addition, 
wound management is completed with the aid of multiple measuring tools which can 
be time consuming for the patient and medical professionals [241]. These 
shortcomings result in a growing cost of dealing with wounds, specifically with 
infections and ulcer treatments from premature withdrawal of treatments.  

Bioimpedance analysis (BIA) measures the resisting electric current flow of the tissue 
where the biological tissue responds to an external electric current [160,181,242–
245]. It is a safe, non-invasive and simple methodology that is commonly associated 
with measuring Total Body Water (TBW) [74,134,166,246]. This methodology was 
recently adapted to muscle injuries focusing on relating a change in soft biotissue to 
a change in measured physiological parameters, such as impedance (Z), resistance 
(R), reactance (XC) and phase angle (φ) [137–139,163]. By placing the electrodes in a 
segmental or local tetrapolar configuration, researchers observed a change in these 
physiological parameters relative to a healing biotissue under study (BUS) over a 
number of days [45]. It was only until recently that researchers adapted these 
methods to monitor wounds objectively observing trends in changes relative to the 
wound healing process [39,42,43].  

6.1.1 Electrodes 

Research into BIA adapt clinical electrodes, specifically Ag/AgCl. With the recent 
advances of wearable technology [247–249], current methodologies into monitoring 
wounds can be developed into a wearable device by adapting e-textile electrodes. 
Wet electrodes, such as Ag/AgCl, are considered ideally nonpolarized where the 
electrode-electrolyte layer does not have a charge build up due to the injected 
current [178]. However, wet electrodes are not perfect nonpolarized electrodes with 
the presence of some polarization [180,250]. Contrarily, dry electrodes are classified 
as polarized electrodes where there is a charge build up on the surface 
[47,51,52,183,184]. This polarization phenomenon can impact the electrode-skin 
impedance (Zes) influencing the measurements. Madison et al. studies Zes of wet and 
dry electrodes for low frequencies ranging from 6 Hz to 1 kHz [251]. For this low 
frequency range, it is evident that wet electrodes have a significantly lower Zes 
impedance compared to dry electrodes [251]. These frequency ranges associated 
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with ECG measurements result in unwanted noise [252]. In addition, Zes varies 
depending on the electrode positioning on the body. Rosell et al. [253] studied Zes for 
frequencies ranging from 1 kHz to 1 MHz. The electrodes were placed on various sites 
of the body which were flat or convex in nature. It was observed that for frequencies 
ranging between 100 kHz and 1 MHz, Z is relatively close regardless of the electrode 
location or volunteer. While between 1 and 100 kHz, there is a difference in Z. These 
frequency ranges relate to BIA. 

Previous studies into e-textile electrodes measure the polarization impedance Zp or 
resistance R autonomously relating to the electrodes at a single time point 
[53,61,194,197,202,204].  Chapter 4 indicates that measuring the electrodes Zp 
independently and not in contact with skin results in Zp being comparable to XC. 
Moreover, various applications indicate that e-textile electrodes can be adapted to 
monitor biosignals such as ECG, EEG and EMG [33,201,254–260]. These signals 
operate at a significantly lower frequency ranges compared to BIA and 
measurements are completed over a short time period.  

6.1.2 Methods adapted for monitoring wounds 

Lukaski et al. [45] observes the impact of wound healing based on various types of 
wounds. In addition, this study indicates a relation of R, XC and φ measurements to 
the wound healing process over a period of days. A frequency of 50 kHz was applied 
for this study with a tetrapolar electrode configuration. The electrodes were placed 
locally adjacent to the wounds with 1 cm distance between the current injecting 
electrodes and associated voltage sensors. Given the various wound types and sizes, 
the intermediate distances between the inner voltage sources positioned on the edge 
of the wounds varied. The studied wound types include (i) an uncomplicated wound, 
(ii) a surgical wound and (iii) an infected wound. Observing the trend associated with 
the studied parameters for an uncomplicated wound, an increase in trend was 
depicted across all parameters as the wound healed. The surgical wound included 
several interventions during the healing phase. This included debridement and 
grafting. For this type of wound, a fluctuation in the trends of the parameters was 
observed relative to the interventions. The infected wound demonstrated various 
changes in magnitude and direction of the trend across all parameters. To conclude, 
it is suggested that R can be adapted to monitor successful wound healing; however, 
XC and φ are indicative of neuropathy.  

A study completed by Muller et al. [46] focused on lower limb ulcers of 20 diabetic 
patients. The sizes of the ulcers were not reported. Measurements of the wounds 
were collected over a period of days, in addition to measurements of the opposite 
limb. Adapting the SFB7, a frequency sweep was performed with the electrodes in a 
local tetrapolar configuration. The pair of voltage sensors were positioned at the 
edge of the wound with the current injecting electrodes adjacently positioned at a 
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distance of 1 cm. For the data analyses, the Cole-Cole model was adapted with the 
frequency range setting of 3 -1000 kHz. The analysis was performed for R and XC 
associated to the centre frequency (fC) from the Cole-Cole plot with a focus on the 
resulting Z. By comparing Z of the wounded area to that of the healthy area of the 
opposite limb, the results were comparable to Lukaski et al. [45]. Z of the wounded 
area was significantly smaller than the healed area. For the control group, Z of the 
two limbs were relatively close; thus, indicating that Z is expected to increase during 
the healing process.  

In addition to acute and chronic wounds, Kenworthy et al. [41–43] adapted the SFB7 
to monitor burn wounds with a tetrapolar electrode configuration. A frequency 
sweep was performed for the range of the SFB7 (i.e., 3-1000 kHz), and the data 
analysed was based on the Cole-Cole model. The burns varied in size and depth. 
Several studies were performed including: (i) validation of the reliability of the 
equipment [42], (ii) electrode positioning [41,42] and (iii) a correlation between BIA 
and the healing phase [43]. For (i)-(ii), statistical analysis was conducted on R0, Rinf 
and Ri, and for study (iii) φ was included. The tests were conducted on a significant 
number of volunteers, more than 30. It was concluded that the SFB7 was a reliable 
instrument to monitor the resistance of the wounds regardless of the wound type, 
and electrode positioning. Further analysis of the electrode positioning included 
three various configurations, specifically whole body, segmental and local 
placements. It was concluded that local positioning of the electrodes was the most 
sensitive. However, the manufacturer’s specification suggests positioning the 
electrodes in a whole body configuration; thus, to overcome errors of BIA 
measurements for a local configuration, it was suggested that strict placement 
protocols must be followed for consistency in observations [42]. Further research was 
conducted to identify the parameters associated with the wound healing process 
based on the Cole-Cole model, specifically the open circuit resistance (R0), the short 
circuit resistance (Rinf) and the intracellular resistance (Ri), the phase angle was also 
assessed (φ). The electrodes were positioned longitudinally at a distance of 3cm on 
either side of the burn wound. This study indicated that R0 and Rinf are strongly 
related to the wound healing process contrary to Ri and φ. During the healing phase, 
an increase in R0 and Rinf is noticeable [43].  

Kekonen et al. has a series of studies focusing on an ideal methodology using BIA to 
measure the wound healing process on various types of wounds [35–40]. This 
research was conducted using the Solartron 1260A Frequency Response Analyzer and 
Solartron 1294A Impedance Interface using a frequency sweep. However, the Cole-
Cole plot was not adapted, and Z measurements were recorded at discrete frequency 
ranges varying from 10 Hz to 100 kHz. Measurements were recorded over numerous 
days. The methodological approach adapted initially, measured Z in a dipolar and 
tetrapolar electrode configuration [36,39]. For the dipolar configuration, one 
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electrode was placed on the wound with the second electrode acting as a reference 
on the undamaged skin surrounding the wound. This concept was also adapted for 
the tetrapolar configuration, where two electrodes were positioned on the wound 
and another two on the undamaged skin [37]. It was observed that for both 
configurations an increase in Z was observed as the wound healed. This study 
indicates that at low frequencies, less than 1 kHz, Z is associated with the stratum 
corneum, while frequencies greater than 1 kHz are recommended for monitoring the 
wound healing process [39]. Proceeding studies adapted the tetrapolar configuration 
transitioning from positioning the electrodes onto the wound to surrounding the 
wound with reference electrodes at a short distance from the wound [37]. This 
analysis is based on the normalisation ratio of the wound Z relative to the reference 
point and indicates a healthy wound healing process as the ratio approaches 100% 
[35,38]. 

Inflammation is another factor associated with wounds [261]. King et al. associates 
BIA with the inflammation of ankle swelling due to acute ankle fractures [44]. 
Although, this study is not directly correlated to wounds it does provide a general 
insight into the relation between inflammation and BIA. This study was conducted on 
14 injured patients with a control group of 17 healthy subjects. A segmental 
tetrapolar electrode configuration was adapted for the frequencies of 5 kHz and 200 
kHz. Measurements based on Z were recorded from the injured limb and compared 
to the uninjured limb. To follow, the results were compared to the volume of the 
limbs using a water displacement methodology. This was repeated for the healthy 
subjects. The control group presented similar measurements. For the injured group, 
a significant decrease in Z was observed in the injured limb compared to the healthy 
limb. Moreover, the results were relatively close at the discrete frequencies of 5 kHz 
and 200 kHz.  

Previous research is indicative of the methodologies and analysis adapted for BIA 
measurements associated with the wound healing process. A tetrapolar electrode 
configuration positioned locally adjacent to the wound has been shown to be the 
most accurate method of measuring BIA parameters associated with the wound 
healing process. Research has adapted the Cole-Cole plot with frequencies ranging 
between 3 – 1000 kHz, or alternatively using discrete frequencies specifically 50 kHz. 
To monitor the wound healing process, emphasis is placed on the trend of the 
measurements [262], specifically relating to Z and R. Contrary, it has been suggested 
that XC and φ are associated with complicated wounds.  

The application of BIA to monitor wounds is not based on absolute values and is a 
comparative study. A reference point is always considered when measuring the state 
of a wound. Several reference points are taken into consideration, such as a healthy 
point of measurement (i.e. an uninjured limb) and time [37,45]. Moreover, the 
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observation of a wound healing is based on trend analysis of several parameters 
[262]; specifically, Z, R, R0, Rinf while XC and φ have been associated with infected 
wounds and neuropathy [45]. These parameters are measured by using (i) discrete 
frequencies (i.e. 5 kHz, 50 kHz), (ii) a frequency sweep or (iii) by adapting the Cole-
Cole model [35–43,46]. This study takes into consideration these factors to compare 
the behaviour of e-textile electrodes to wet electrodes, specifically Ag/AgCl, that are 
currently used for BIA. To create a BIA system for short-term and long-term 
monitoring, it is important to test the e-textiles electrodes over a period of time.  

6.2 Materials and Methodology 

6.2.1 Materials  

For this experiment, pork belly was used due to its identical dielectric properties to 
human skin and refrigerated overnight, refer to Chapter 3. Ambu WhiteSensor WS 
electrodes were used possessing a highly conductive solid gel, large surface area with 
strong adhesion and foam backing. The elliptical e-textile electrodes were adapted 
from Chapter 5. An Elastocrepe Heavy Weight Crepe Bandage which was 
commercially purchased and sewn to create the compression sleeve used in Part B of 
the experiment in this chapter.  

6.2.2 Methodology 

6.2.2.1 Part A Preliminary Study of Z on Biotissue Under Study (BUS) 

A preliminary study was undertaken to measure Z of the pork belly BUS in a tetrapolar 
configuration of a distance of 10 cm between the electrodes [163]. A dipolar 
configuration was also tested as a comparison, refer to Appendix V; however, a 
tetrapolar configuration common to studies in monitoring wound healing was 
adapted. Clinical Ag/AgCl electrodes were conventionally placed onto the pork belly, 
relying on the adhesiveness of the electrodes to create the electrode-skin contact. 
The properties of this test sample are presented in Table 1.  

Table 6.1 Pork belly sample for preliminary experiment 

Pork Belly 
Sample 

Configuration Weight 
(kg) 

Size (cm)  
(l x w x h) 

Electrodes 

ST1 Tetrapolar 1.5 20 x 18 x 4 Ag/AgCl 
 

6.2.2.2 Part B Comparison of Ag/AgCl and Ag/PA66 e-textile electrodes 

The focus of this study was to compare the behaviour of e-textile electrodes to 
Ag/AgCl electrodes in terms of parameters that are adapted to local BIA 
configurations to monitor wounds. Three samples of pork belly were used for the wet 
electrodes and three samples of pork belly were used for the dry electrodes over two 
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days. The weight and measurements of the pork belly were recorded and presented 
in Table 6.2 with their associated electrodes. The Zp of the elliptical electrodes were 
measured in pairs and the actual values are presented in Chapter 5. To prepare the 
pork belly for measurements, a 2 x 2 cm excision was created in the centre of the BUS 
sample as a guide for the positioning of the electrodes. The skin was cleansed with 
Isopropyl Alcohol swab wipes and let to dry prior to placing the electrodes with the 
aid of a compression sleeve.  

Table 6.2 Pork belly samples for final experiment 

Pork Belly 
Sample 

Weight (kg) Size (cm) (l x w x h) Electrodes 

S1 1.5 20 x 17 x 4 Ag/AgCl 
S2 1.5 21 x 17 x 4 Ag/AgCl 
S3 1.5 21 x 17 x 4 Ag/AgCl 
S4 1.5 20 x 18 x 4 S-E1, S-E2 
S5 1.5 21 x 18 x 4 S-E3, S-E4 
S6 1.5 20 x 17 x 4 S-E5, S-E6 

 

6.2.2.2.1 Compression Sleeve 

Various commercially available materials were trialled and tested to conform the e-
textile electrodes to the BUS samples. These were purchased from haberdashery 
stores and chemists. To be able to compare the e-textile electrodes to the standard 
Ag/AgCl electrodes, the e-textile electrodes were placed onto the skin using sports 
strapping tape. However, this did not provide strong adherence and the e-textile 
electrodes would detach and become prone to motion artefact. This was also an issue 
with Micropore Paper Tape and Surgical Tape. It is possible that this will work on 
human skin; however, it was not a suitable solution for the BUS samples used in this 
study. The velcro was able to secure the e-textile electrodes in position. However, 
the e-textile electrodes did not conform to the deep sulci or shape of the pork belly 
sample due to rigidness of the velcro. This could potentially make the e-textile 
electrode susceptible to noise due to the air gap between the electrode and the skin 
[51,211]. A medium weight crepe bandage had too much stretch resulting in the 
same issue with the velcro. Moreover, the pressure was not consistent and difficult 
to control. The Elastocrepe Heavy Weight Crepe Bandage was then trialled which was 
commercially purchased from the chemist. The bandage has a stretch of 60%. This 
was cut to half the width of the BUS samples and sewn at the edges to form a small 
compression sleeve. For ‘real-life’ applications, velcro would be sewn onto both 
edges of the compression bandage allowing for the sleeve to be strapped on and 
removed with ease.  

No modifications were made to the sleeves used with the Ag/AgCl electrodes. The e-
textile electrodes were hand-sewn onto the sleeve avoiding any possible damage to 
their conductive side from the sewing machine. The electrodes acting as the voltage 
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sensors were positioned at the edge of the bandage with the current injecting 
electrodes at a distance of 1 cm from the voltage sensors. The pork belly was rolled 
up imitating the concave shape of a limb [263] and passed through the compression 
sleeve with the voltage sensing electrodes positioned relatively close to the edge of 
the excision (i.e. about 0.5 cm). For the Ag/AgCl electrodes, the pork belly was first 
passed through the sleeve holding the pork belly into shape at its edges prior to 
adhering the electrodes to the skin in the same configuration to the e-textile 
electrodes, refer to Figure 1. The sleeve was then passed over the Ag/AgCl electrodes. 
Ag/AgCl electrodes are designed to adhere to the skin; however, the sleeve was used 
providing relatively consistent pressure across the Ag/AgCl electrodes and e-textile 
electrodes as this can impact their performance [211]. The snaps were then passed 
through an opening of sleeve allowing for a connection to the SFB7.  

 

Figure 6.1 Experimental set-up. 

6.2.3 Measurements 

Measurements were taken in ambient room temperature, 20°C with a RH of 60%. 
The use of a necrotic BUS has certain limitations in these room settings, specifically 
time. Therefore, Part A was to determine the time period to complete the final 
experiments.  

6.2.3.1 Part A 

The first experiments were conducted every 30 minutes over a period of 180 minutes. 
This was repeated over a two-day period forming a basis of this study. The purpose 
of this study was to identify the performance of the necrotic BUS. The temperature 
was collected at each time point.  
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6.2.3.2 Part B 

The method adapted in the final study comparing the Ag/AgCl and e-textile 
electrodes was based on the observations of the BUS in Part A. For this experiment, 
the measuring time was reduced to 15 minutes over a 60-minute period for each 
sample. The time period of 60 minutes provides enough time to collect data before 
changes to the pork belly samples occur that can influence the measurements, such 
as bacterial growth. The measurement time interval was reduced to 15 minutes in 
order to have more data points between shorter time periods. Provided that there 
are 6 samples, this is substantial time to collect and verify the measurements. At each 
time point, the skin temperature was measured. The SFB7 was set to complete a 
frequency sweep with discrete frequency readings, collecting 5 measurements every 
three seconds for the individual data collection times. This experiment was repeated 
over two days. At the end of day 1, the sleeves were washed on a delicate cycle 
setting, cold water with a spin cycle of 300, and let to dry overnight. The primary 
reason for washing the sleeves was to test the repeatability of the e-textile 
electrodes. In order to account for any changes in shape to the sleeve due to the 
wash, all sleeves were washed including those used with the Ag/AgCl electrodes.  

 

Figure 6.2 Adaption of BIA configuration and parameters for monitoring wounds in 
previous research for the experimental protocol 
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6.2.4 Analysis 

Provided the performance of the e-textile electrodes over time is studied, the 
absolute value was used taking the parameter of interest at time 0 as a reference 
point for each sample. Normalisation was adapted for all the studied parameters, 
refer to Equation 6.1. Provided that the rate of change of these parameters in relation 
to time is relatively small for the necrotic BUS, a percentage ratio was adopted. This 
small rate of change is also true of healthy tissue [216]. 

!	#$%&' = !!
!"
× 100%,       Equation 

6.1 

where P refers to the parameter of interest, Pt is the absolute value of the parameter 
at time t, while P0 is the absolute value of the parameter at time 0. For example, 
analysing Z at 30 minutes, the equation is expressed as: 

-	#$%&' = "#"
""
× 100%,      Equation 6.2 

Therefore, the 100% line is with reference to the value at time 0. Thus, at time 0 all 
parameters are located on the 100%, as time passes it indicates the deviation from 
this reference point.  

6.2.4.1 Part A 

The data was analysed for the preliminary experiments for a frequency sweep of 3-
1000 kHz and for various discrete frequencies, including: 5, 50, 100 and 200 kHz. 
Analysis was completed for the common BIA parameters, Z, R, XC and φ.  

6.2.4.2 Part B 

For this main experiment, the focus was on the frequencies and parameters that have 
been adapted from previous research into monitoring wound healing using BIA. 
Although, Z and R (including R0 and Rinf) have been closely associated with wounds XC 
and φ were also incorporated for this study. Z, R, XC and φ were analysed for the 
specified discrete frequencies and for the sweep associated with the Cole-Cole 
model. R0 and Rinf are parameters associated specifically with the Cole-Cole model.  

6.3 Results 

6.3.1 Temperature 

The skin temperature of the BUS samples was recorded prior to each measurement. 
The study undertaken in Chapter 5 indicated that a change in temperature ranging 
between 30-34°C [47,68,96], did not influence the Zp of the electrodes compared to 
the wetness. However, to raise the temperature of the pork belly to imitate human 
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skin would cause changes to its properties that cannot be controlled across all 
samples. The BUS sample in part A had a large temperature change over the 180-
minute period, averaging about 3°C. For part B, the change in skin temperature over 
a 60-minute period was as low as 1°C.  

6.3.2 Error of uncertainty 

The absolute values of Z, R, R0 and Rinf were extracted from the BioImp software while 
XC and φ were calculated from Z and R. From the five measurements collected at each 
time point, the average was taken, and the error of uncertainty calculated. It was 
observed that the error of uncertainty across all experiments were consistent for all 
parameters measured using the Ag/AgCl and e-textile electrodes. Z, R was low, 
ranging between 0 and 0.4%, contrary to XC and φ that had an uncertainty range of 
0.3 to 5%. R0 and Rinf also demonstrated a low level of uncertainty comparable to Z 
and R, ranging between 0 and 0.4%.  

6.3.3 Part A  

The dipolar method (refer to Appendix V) has previously been adapted to measure Z 
of necrotic pork tissue in the food and technology field. For such studies, a dipolar 
method is common. Bai et al. [213] measured Z across a range of frequencies. 
Referring to this study, about 650 Ω was measured on day 1 at 50 kHz. This is 
comparable to the value of Z measured in the dipolar mode, with a value of about 
600 Ω at time 0 minutes for sample ST2 (refer to Appendix V for BUS properties and 
trend analysis). Therefore, this supports the method adapted to measure BIA on the 
pork BUS. This provided a basis to conduct the experiments in a tetrapolar 
configuration common to BIA measurements on human beings. Z was measured to 
be about 70 Ω in a tetrapolar configuration. This is comparable to measurements on 
human beings in a tetrapolar configuration [137]; therefore, confirming the dielectric 
properties of pork belly skin. Referring to Figure 6.3a and 6.3b, an exponential decay 
for Z and R is observed over the 180-minute period for the frequency sweep and the 
discrete frequencies over two days. This decay settles between 60 and 90 minutes 
and is observed over the two-day period. An identical trend can be observed for the 
dipolar configuration, refer to Appendix V. However, referring to Figure 6.3b-e, no 
trend associated with XC and φ is discernible. This could be the cause of capacitive 
artefacts [264]. Although, it does not appear to affect the trends associated to Z and 
R. Moreover, it is distinct at the higher frequencies, specifically 100 and 200 kΩ. This 
capacitive leakage is commonly associated with the dipolar configuration [265]; 
however, recent research has suggested it can also impact a tetrapolar configuration 
[266]. This leakage could potentially be related to an unstable electrode-skin 
interface. Research has indicated that the performance of electrodes significantly 
improved when a pressure is applied [211,256,258]. Thus, from Part A for a tetrapolar 
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configuration a significant exponential decay occurs in the pork belly BUS within 60 
minutes. In addition, this trend is identical when repeated over a two-day.  
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Figure 6.3a-b Trends in intact BUS sample using Ag/AgCl in tetrapolar configuration for (a) Z and R day 1 and (b) Z and R day 2. 
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Figure 6.4c-d Trends in intact BUS sample using Ag/AgCl in tetrapolar configuration for (c) XC day 1 and (d) XC day 2. 
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Figure 6.5e-f Trends in intact BUS sample using Ag/AgCl in tetrapolar configuration for (e) φ day 1 and (f) φ day 2. 



 

 125 

 

6.3.4 Part B  

6.3.4.1 Electrode Mismatch 

Chapter 5 indicated that the Zp of the e-textile electrodes demonstrated slight 
variances between the sample sets. However, this did not cause an electrode-
mismatch and the Cole-Cole model was not impacted. A Cole-Cole plot for the e-
textile electrodes is presented in Figure 4. Therefore, a frequency sweep of 3-1000 
kHz was acceptable for analysis.  

 

Figure 6.6 Cole-Cole plot for e-textile electrodes as presented by SFB7.  

6.3.4.2 Evaluation of Z and R between Ag/Cl and e-textiles 

The rate of change in Z and R for the Ag/AgCl and e-textile electrodes over the two-
day period is presented in Figure 6.5a - d. Normalisation ratios for Z and R were 
plotted on the same graph. For the Ag/AgCl electrodes, the maximum ratio difference 
between Z and R was as low as 0.1%. The e-textile electrodes had a slight difference, 
with a ratio difference of 0.4%. However, these differences have a negligible effect 
on the trend. An exponential decrease of Z over time is expected and has been 
associated with the electrode-skin contact impedance. Searle et al. indicates that at 
low frequencies (i.e., 50 Hz) Zes for stainless steel dry electrodes is significantly greater 
than the Ag/AgCl electrodes [69]. 

For BIA applications to monitor wounds, the frequency range is significantly larger. 
While there is a difference in absolute values across the samples for Z and R, the rate 
of change is identical. On day 1, time 0 and at 50 kHz, BUS samples S1, S2 and S3 
resulted in Z of 152, 115 and 100 Ω respectively. For S4, S5 and S6, Z was 85, 115 and 
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110 Ω. 50 kHz is commonly associated with BIA measurements [69]. The pressure 
from the compression sleeve potentially influences a relatively small decrease in the 
impedance [267]. However, the range of these values are indicative of the difference 
in impedance measurements across various subjects where absolute Z 
measurements are subject dependent due to changes in skin thickness, moisture or 
hair. A percentage difference of 42% is observed from the sample with the lowest 
and highest Z for the Ag/AgCl electrodes. This falls within the range of measuring Z in 
vivo [138]. While for the e-textile electrodes, the variance was 25%. These differences 
in initial Z measurements did not impact the trend observed over time which was 
identical across all samples for the frequency sweep, and discrete frequencies 
associated with Ag/AgCl and the e-textile electrodes, for the frequency sweep refer 
to Figures 6.5; while Figures 6.6 and 6.7 show the discrete frequencies 5 and 50 kHz, 
respectively. Therefore, this indicates that the e-textile electrodes performance is 
comparable to the Ag/AgCl regardless of whether a frequency sweep is performed, 
or measurements are taken at the discrete frequencies of 5 and 50 kHz. Moreover, 
washing the e-textile electrodes did not affect their performance, refer to Figures 6.5-
6.7 c-d.  

Moreover, it is evident that R is a dominant factor of Z in Zes for both type of 
electrodes. Thus, it is safe to assume that the polarization impedance of the e-textile 
electrodes did not influence Z. The results in this study ex-vivo indicate a 6-7% 
decrease over 60 minutes on day 1, and about 16-17% decrease on day 2 for the 
Ag/AgCl and e-textile electrodes. Analysing the exponential regression of the plots, 
the equations were comparable across all samples. Thus, no significant difference 
was observed between the samples measured with the Ag/AgCl electrodes to those 
measured with the e-textile electrodes. Moreover, a strong correlation was observed 
for all frequency settings over the two-day period. For S1-S3, R2 ranged from 0.87-
0.98 and S4-S6 was from 0.82-0.99, refer to Table 1 in Appendix VI.
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Figure 6.7a-b Z and R ratio relative to time at 3-1000 kHz sweep for electrodes: (a) Ag/AgCl day 1 and (b) day 2. 
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Figure 6.8c-d Z and R ratio relative to time at 3-1000 kHz sweep for electrodes: (c) e-textiles day 1 and (d) day 2 
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Figure 6.9a-b Z and R ratio relative to time at 5 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2. 
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Figure 6.10c-d Z and R ratio relative to time at 5 kHz for electrodes: (c) e-textiles day 1 and (d) day 2. 

 
 
 
 
 
 



 

 131 

 

 

Figure 6.11a-b Z and R ratio relative to time at 50 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2.
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Figure 6.12c-d Z and R ratio relative to time at 50 kHz for electrodes: (c) e-textiles day 1 and (d) day 2.
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6.3.4.3 Evaluation of XC between Ag/Cl and e-textiles 

The absolute values measured for XC on day 1 using the Ag/AgCl electrodes were: 35, 

30 and 25 Ω for samples S1, S2 and S3 respectively; with an equivalent capacitance 

of about 90, 105, 125 nF. While the measured XC range for the samples using the e-

textiles were: 9, 30 and 28 Ω associated with S1, S2 and S3 respectively. An equivalent 

capacitance of 0.35 μF, 105 and 115 μF.  

For the standard Ag/AgCl electrodes, the trend of a gradual exponential decay is 

observed for the frequency sweep, following the trend of the Z and R on day 1 (Figure 

6.8a). In this case R2 > 0.85 (refer to Table 2, Appendix VI). However, S1 and S3 do not 

display this trend on day 2 where R2 = 0.33, refer to Figure 6.8b and Table 2 Appendix 

VI. At 5 kHz and 50 kHz a clear decay was not observed on day 1, refer to figure 6.9a 

and 6.10a. While for day 2 at 5 kHz, a decay is observed across all samples (i.e., S1-

S3) and at 50 kHz only for S3, refer to figure 6.9b and 6.10b. Thus, there is 

inconsistency across the replicates over the two days. For day 1, at 50 kHz a similar 

trend equation was observed comparable to the frequency sweep and R2 > 0.72. 

However, at 5 kHz although the trend equations were comparable to the frequency 

sweep and 50 kHz; for S1 and S2 R2 was as relatively low, with values of 0.21 and 0.14 

respectively. On day 2 for 5 kHz, S1-S3 demonstrated a decrease with a strong 

correlation where R2 > 0.96; at 50 kHz this decrease was repeated by S3 and R2 = 

0.97, refer to Figure 11-12b. However, a S1-S2 demonstrated a weak correlation and 

R2 < 0.14. Therefore, the Ag/AgCl electrodes displayed an inconsistency in behaviour 

relating to XC across the various samples over the two-day period. 

For the e-textile electrodes this trend dispersion is predominant across all replicates 

and repeats. It is observed for the frequency sweep, in addition to the discrete 

frequencies, 5 and 50 kHz, refer to Figure 6.8-6.10c-d. Due to the data fitting an ideal 

Cole-Cole plot for the Ag/AgCl and e-textile electrodes, this change is not associated 

with Zes mismatch. A consistent trend was not observed for the Ag/AgCl electrodes, 

however, the performance of the e-textile electrodes in terms of the measured XC 

were significantly impacted. Provided this change in trend is observed in both cases 

it could potentially be associated with noise, in which case it would be likely for the 

e-textile electrodes to be significantly influenced. Moreover, provided such a 

discrepancy in trends is observed over the two-day period for the e-textile electrodes 

it is indicative that this was not associated with washing the e-textiles electrodes. 

Refer to Table 2 Appendix VI for the associated equations and R2 values. 



 

 134 

 

 

Figure 6.13a-b XC ratio relative to time at 3-1000 kHz sweep for electrodes: (a) Ag/AgCl day 1 and (b) day 2. 
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Figure 6.14c-d XC ratio relative to time at 3-1000 kHz sweep for electrodes: (c) e-textiles day 1 and (d) day 2. 
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Figure 6.15a-b XC ratio relative to time at 5 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2. 
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Figure 6.16c-d XC ratio relative to time at 5 kHz for electrodes: (a) Ag/AgCl day 1, (b) day 2; (c) e-textiles day 1 and (d) day 2. 
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Figure 6.17a-b XC ratio relative to time at 50 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2. 
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Figure 6.18c-d XC ratio relative to time at 50 kHz for electrodes: (c) e-textiles day 1 and (d) day 2
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6.3.4.4 Evaluation of φ between Ag/Cl and e-textiles 

φ appears to be consistent for the Ag/AgCl electrodes for the frequency sweep on 

day 1 and 2, refer to Figure 6.11a-b. However, at 5 and 50 kHz there is a deviation 

from the 100 % line, refer to Figures 6.12a-b and 6.13a-b. For the BUS samples tested 

with the e-textile electrodes, an inconsistency is observed across the samples and for 

the frequency sweep and discreet frequencies. For the frequency sweep, all samples 

deviated from the 100% line on day 1 (Figure 6.10c); however, on day 2 samples S5 

and S6 showed stability, refer to Figure 6.11d. For the discrete frequency of 5 kHz, 

the e-textile electrodes and measurements did not display stability nor any 

identifiable decay trend where dispersion of the signal was observed over the two 

days, refer to Figure 6.12c-d. However, at 50 kHz, S5 displayed stability on day 1 and 

day 2 while S6 showed stability only on day 2 (Figure 6.13c-d). Therefore, due to this 

inconsistency it is safe to assume that the washing of the e-textile electrodes did not 

influence their performance. Thus, for all samples either measured with the Ag/AgCl 

or e-textile electrodes, it can be possible that any noise influencing XC has also 

impacted φ. As discussed for XC, this noise is predominant in the e-textile electrodes 

and the measurements deviate greatly from the 100% line, refer to figures 6.11-

6.13c-d. Thus, no comparison is observed. The trends associated to φ across the 

samples and frequency settings presented inconsistent R2, refer to table 3, Appendix 

VI.
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Figure 6.19a-b φ ratio relative to time at 3-1000 kHz sweep for electrodes: (a) Ag/AgCl day 1 and (b) day 2. 
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Figure 6.20c-d φ ratio relative to time at 3-1000 kHz sweep for electrodes: (c) e-textiles day 1 and (d) day 2. 
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Figure 6.21a-b φ ratio relative to time at 5 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2. 
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Figure 6.22c-d φ ratio relative to time at 5 kHz for electrodes: (c) e-textiles day 1 and (d) day 2. 
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Figure 6.23a-b φ ratio relative to time at 50 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2. 
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Figure 6.24c-d φ ratio relative to time at 50 kHz for electrodes: (c) e-textiles day 1 and (d) day 2.
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6.3.4.5 Evaluation of R0 between Rinf and e-textiles 

R0 and Rinf replicate the trend of Z and R for the samples using the Ag/AgCl electrodes, 
implying an exponential decay, refer to figures 14-15a-b. By observing the 
exponential trend, a strong correlation was observed where R2 > 0.85. However, this 
exponential decay is not visible using the e-textile electrodes for R0, refer to figure 
14c-d. This was also demonstrated in the exponential trend correlation coefficient. 
Day 1, indicated R2 ranged between 0.47 – 0.62 while for day 2, R2 ranged between 
0.42 – 0.81 across the samples, refer to Table 4, Appendix VI. Rinf is indicative of a 
decay (Figure 15c-d) comparable to the Ag/AgCl electrodes. A strong correlation was 
indicative across all samples and R2 > 0.88, refer to Table 5, Appendix VI. It is 
important to note that R0 and Rinf are calculated based on the Cole-Cole model. 
Provided that the presence of noise interfering with XC is more prevalent to the e-
textile electrode measurements, this could potentially influence R0 and Rinf associated 
with the model. 



 

 148 

 

 

 

Figure 6.25a-b R0 ratio relative to time at 3-1000 kHz sweep for electrodes: (a) Ag/AgCl day 1 and (b) day 2. 
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Figure 6.26c-d R0 ratio relative to time at 3-1000 kHz sweep for electrodes: (c) e-textiles day 1 and (d) day 2. 
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Figure 6.27a-b Rinf ratio relative to time at 3-1000 kHz sweep for electrodes: (a) Ag/AgCl day 1 and (b) day 2. 
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Figure 6.28c-d Rinf ratio relative to time at 3-1000 kHz sweep for electrodes: (c) e-textiles day 1 and (d) day 2. 
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6.4 Discussion 

It was observed that the e-textile electrodes indicate an identical trend for Z and R 
comparable to the Ag/AgCl electrodes for a frequency sweep of 3 – 1000 kHz and for 
discrete frequencies of 5 kHz and 50 kHz. This was based on positioning the 
electrodes adjacent to an open excision relative to the size of measured wounds, with 
a 1 cm distance between the voltage sensors and injecting electrodes. Washing the 
electrodes indicated that the performance of e-textile electrodes were again 
comparable to the Ag/AgCl electrodes on day 2. An exponential decay was observed 
over time; this could potentially be associated with the decay of necrotic tissue. 
However, previous research into Zes in-vivo has indicated a continuous exponential 
decay over various time periods before a settling period [189,268–270] is reached. 
This research is not completed as a continuous function of time; however, injecting a 
small charge through the necrotic tissue potentially causes a change to the necrotic 
tissue which requires time to settle. This time may be significantly greater for the 
necrotic tissue (in vitro) compared to in vivo. However, for this study a simple 
comparison of the efficacy of the e-textile electrodes for use with BIA systems was 
made. Chapter 7 discusses the potential for research in the relaxation period 
associated in-vivo.  

Although dry electrodes have been reported to have a higher Zes impedance [271], 
this could be due to an inappropriate method of application. For example, due to lead 
connections or the applied method of securing the e-textile electrodes to the body. 
Provided that e-textile electrodes do not possess an adhesive layer, an air gap 
between the skin and the electrode creates a dielectric layer resulting in an increase 
in Z. The method used in this study provides a relatively controlled compression for 
the e-textile electrodes and the Ag/AgCl electrodes resulting in relatively low 
impedance values. The additional pressure of all types of electrodes (i.e., wet and 
dry) have been known to improve the quality of the signal. 

In the case of XC and φ, a similar trend was not clearly depicted between the Ag/AgCl 
and e-textile electrodes. However, an exponential decay was not clearly observed for 
XC with the Ag/AgCl electrodes. This was more dominant with the e-textile electrodes. 
These fluctuations in XC potentially influenced the Cole-Cole model resulting in a 
disruption in R0 and Rinf trends. R0 is greatly impacted with the e-textile electrodes 
with no observed trend relative to time. Although, Rinf indicates a decay for both 
types of electrodes, there is a slight difference. This could potentially be due to the 
different samples, although provided that for a frequency sweep R is identical, it is 
likely that is influenced by the irregularity occurring with XC. Moreover, a trend was 
not distinguishable for φ. This could be due to the noise impacting XC or it could be 
due to the anisotropic nature of skin, in which it has been suggested that the φ should 
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not be adapted to the Cole-Cole model [272]. This also occurred at 5 and 50 kHz. It is 
safe to assume that XC was influenced by an external noise.  

E-textile electrodes have capacitive properties contrary to Ag/AgCl electrodes [264]. 
It was observed that for the frequencies adapted for BIA measurements of wounds 
ex-vivo indicates that XC is relatively small to Z and the coupling capacitance of Zes 
possesses a magnitude of μF. Thus, it has shown not to significantly contribute to Z 
and is more susceptible to noise in comparison to R. This is also true of the Ag/AgCl 
electrodes [273] in-vivo. It has been shown that for e-textiles, the trend over time 
associated with the capacitive properties of Zes is not consistent compared to its 
resistive properties [109]. 

Noise influencing wet and dry electrodes is commonly associated with (i) motion 
artefact, (ii) equipment and (iii) ambient environment [273,274]. In this study there 
is no motion; thus, the fluctuation of direction in XC could potentially be noise derived 
from the equipment, resulting in an unstable signal. This possibly explains why the 
trend is irregular for the Ag/AgCl and e-textile electrodes. Another possibility is from 
ambient noise due to electromagnetic interference [275]. These issues are common 
in ECG measurements where the frequency range is significantly lower than BIA 
systems. Spinelli et al. [276] proposes a front end for insulating electrodes. By 
analysing the noise at low frequencies, modifications were made to the bias current. 
In addition, to reduce the input capacitance effects methods such as: (i) guarding to 
avoid any leakage current, (ii) neutralization and (iii) boot strapping were applied. 
Moreover, the common-mode rejection ratio was adjusted to reduce power line 
interferences. Thus, additional hardware could be designed and built to improve the 
performance of e-textile electrodes with BIA systems.  

Another importance factor to consider are the variables associated with the 
electrodes that can potentially influence the performance of e-textile electrodes. For 
example, the microclimate formed by the bandage can impact the performance of 
wet and dry electrodes [277]. This microclimate can be unstable thus affecting XC, 
specifically relating to relative humidity [278]. It was observed that the relative 
humidity has a significant impact on the e-textile electrodes [47,68]. The gel layer 
could possibly be less susceptible to changes of relative humidity.  

In addition, the electrode-skin contact could also interfere with the signal. This could 
be from the lipids found on skin, and the inhomogeneity of the skin and electrode 
surface. The surface of the skin contains various lipid bilayers that possess 
capacitance properties and act as a barrier to the penetration of charge [271]. It is 
possible that the electrolyte gel layer of the Ag/AgCl electrodes that is used to 
enhance the redox reaction results in counteracting this barrier [278]. In contrast, 
there is no wet layer to the dry electrodes. Taking this into consideration, the uneven 
nature of the conductive interface of the e-textile electrodes could result in a non-
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uniform current density occurring on the e-textile electrode surface. Moreover, the 
skin is also non-uniform in nature. Therefore, there will be some loss between the 
two contact sites, i.e., the skin and electrode. The adhesiveness of Ag/AgCl potentially 
reduces this barrier improving the charge dispersion.  

This research indicates the e-textile electrodes can be used to measure Z and R 
associated with BIA to monitor the wound healing process; they can also be washed 
and not impacted. The electrodes can be positioned locally surrounding the wound. 
Their trend relative to time is comparable to Ag/AgCl electrodes. However, there are 
shortcomings of measuring XC, φ, R0 and Rinf. To improve this shortcoming, a BIA 
system with improved hardware could potentially assist the use of e-textiles to 
measure these parameters.  

6.5 Conclusion 

Currently, research primarily focuses on the trend of BIA parameters (i.e., Z, R, XC, φ, 
R0 and Rinf) associated with wounds based on a single measurement on a day to day 
basis. The use of e-textile electrodes can potentially be applied for long-term 
monitoring, greater than 1 hour. However, research in vivo needs to be conducted 
due to the limitations associated with pork belly. Research to monitor the wound 
healing process as a continue function of time (dynamically) has yet to be conducted. 
The performance of the e-textile electrodes ex-vivo indicate that they are 
comparable to Ag/AgCl when measuring Z and R. Future research into continuous 
monitoring of wounds can be conducted comparing Ag/AgCl to e-textile electrodes 
based on these parameters. Moreover, with the development of appropriate 
hardware for continuous monitoring of wounds as a function of time, calibration for 
e-textile electrodes should be taken into consideration. The design of this hardware 
must increase the common mode rejection ratio (CMRR) via an AC coupling network 
with the appropriate filters [279]. This will reduce the noise providing a more 
accurate device and improving measurements for XC, φ, R0 and Rinf. Thus, it is possible 
to monitor the dynamic wound healing process and detect any disturbances to the 
process at an early stage. This will allow for any complications of the wound healing 
process to be detected and treated early reducing the risk of the patient suffering 
from severe wound complications.  
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Chapter 7  

Conclusion and Future Work  

Monitoring of the wound healing process is currently performed by medical 
professionals guided by the standards set by Wounds Australia. This is based on visual 
assessment and is prone to misdiagnosis leading to poor treatment of the wound. 
Bioelectrical impedance analysis (BIA) is a standard measurement that has been 
applied to various research fields. It is only recently that is has been adapted to 
measure physiological properties, such as the wound healing process. There is 
potential to transition this methodology for long-term monitoring of wounds. 
Adapting this technology provides an opportunity for patients to be monitored in 
remotely and in-home settings resulting in an improved quality of life. By 
continuously monitoring wounds, it is possible to detect a disruption in the wound 
healing process and treatment can be administered resulting in a reduction in 
complications.  

Currently, research into monitoring wounds using BIA is conducted using a frequency 
sweep, or a discrete frequency of 50 kHz. The parameters monitored are Z, R, XC, φ 
associated with the Cole-Cole model for a frequency sweep or with the discrete 
frequency measurements. R0 and Rinf are associated with the Cole-Cole plot. Thus far, 
research has been conducted with the use of wet electrodes, specifically Ag/AgCl.  

However, these are associated with several shortcomings. To apply wet electrodes, 
it is essential that the skin is prepared. Moreover, for long-term use, the adhesive 
layer can cause skin irritation. A significant drawback is that the gel and adhesive layer 
can dehydrate causing unstable measurements. Much research has focused into 
improving dry electrodes for use with ECG, EEG and EMG devices that operate at 
relatively low frequencies. The use of BIA to monitor wounds is a recent area of 
interest; however, research in the area of e-textile electrodes for such application is 
limited.  

E-textile electrodes are considered a type of dry electrode; thus, they possess a 
polarization impedance (Zp). The fabrication of e-textile electrodes through an 
embroidery process allows for on-site fabrication with a simple embroidery machine. 
This method of fabrication permits customisation of the embroidery variables to 
reduce the Zp associated with e-textile electrodes for BIA measurements. Moreover, 
the broad option of substrate selection allows testing of the influence of changes in 
skin properties commonly associated with wounds, such as its temperature and 
perspiration while also maintaining a low Zp. It is also important to take into 
consideration the physiological comfort of the e-textile electrodes. The studies 
conducted herein resulted in the understanding of suitable e-textile electrodes using 
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BIA in comparison with current methodologies adapted for Ag/AgCl electrodes in 
monitoring wounds.  

Chapter 4 was based on the variables associated with the embroidery fabrication of 
the e-textile electrodes and their impact on Zp at a frequency of 50 kHz. This 
frequency was adapted as it is the basis of BIA. This study included varying the 
following characteristics: (i) electrode surface area, (ii) stitch type, (iii) length and (iv) 
density. By varying the size of the electrodes based on the size of common clinical 
electrodes, the conductive surface area of the e-textile electrodes was modified. It 
was observed that an increase in the electrode surface area resulted in a reduction 
in Zp. The largest and smallest e-textile electrodes with surface areas of 13.2 and 5.7 
cm2, respectively resulted in a 50% difference in Zp. An increase in stitch spacing, 
indicating a higher stitch density, improved the Zp. Thus, an increase in the amount 
of conductive yarn present in the e-textile electrodes reduced Zp. By increasing the 
stitch length, the number of interlocks were reduced resulting in a potential decrease 
on the overall strain on the conductive thread. This assisted in reducing Zp. Regarding 
the stitch type, it was observed that the satin stitch consumed more conductive 
thread than the weave stitch. However, a similar Zp was observed thus indicating that 
there may potentially be a threshold relating to the amount of conductive thread 
utilised where Zp is not impacted. 

The second study was based on selecting a substrate that can be adapted for long-
term monitoring. This selection was based on Zp relative to a change in skin 
properties, specifically perspiration and relative humidity. Four commercially 
purchased substrates adapted to fabricate the e-textile electrodes: polyester non-
woven felt and cotton in the form of plain weave, poplin and velvet. In ambient room 
conditions, the polyester non-woven felt resulted in the lowest Zp. A climatic chamber 
was used to imitate the skin properties, with temperature settings associated to skin 
temperature between 30-34°C and a relative humidity (RH) range between 40-90% 
for perspiration. It was observed that there is no direct correlation between Zp and 
changes in temperature for any of the e-textile electrodes. The influence of Zp relative 
to temperature was inconsistent across the different RH settings. Moreover, for RH 
ranging between 40-90% inclusive the percentage change relating to a 1 °C was 
relatively low. The greatest change was observed for the cotton plain weave e-textile 
electrodes with an 8% change in Zp observed at a change in the higher temperature 
ranges (i.e., 32-34 °C) for RH of 80 and 90%. Contrary, the e-textile electrode 
fabricated using the polyester non-woven felt was the least influenced by 
temperature, with a maximum change in Zp as low as 2%. It was observed that RH 
significantly influenced the e-textile electrodes at a RH of 90%. At 90% RH, the e-
textile electrode has sufficiently dampened the e-textile electrode and there is a 
significant change in Zp across all the e-textile electrodes. Therefore, analysis of Zp 
was completed for RH ranging between 40-80% using linear regression. The polyester 
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non-woven felt and cotton velvet e-textile samples presented the smallest change 
relative to RH, with a close to ‘zero slope’. However, the polyester non-woven felt e-
textile samples indicated a lower y intercept. Thus, indicating a negligible change due 
to temperature and humidity (perspiration) while maintaining a lower Zp in 
comparison to the other substrates. This section also tested the air permeability of 
the e-textile electrodes relating to the physiological comfort. A significant reduction 
in air permeability was observed from the substrate to the fabricated e-textile 
electrodes, as this is expected. For the e-textile electrodes, the polyester non-woven 
felt substrate again performed the best with the largest air permeability. Therefore, 
this substrate was used to fabricate elliptical and rectangular electrodes to identify 
the influence of shape on Zp. A 13.5 % difference in Zp was observed where the 
elliptical shape reduced the Zp. 

A final study was based on comparing the e-textile electrodes to standard clinical 
Ag/AgCl electrodes ex-vivo adapting the methodology commonly used in monitoring 
wounds. This study observed the trend of common parameters used to monitor 
wounds over 60 minutes, specifically Z, R, XC, φ, R0 and Rinf. By washing the e-textile 
electrodes, they were also tested a second day. The performance of e-textile 
electrodes were comparable to the Ag/AgCl electrodes in terms of Z and R. The ex-
vivo tests indicated that Z and R were identical on day 1 and day 2 after washing the 
e-textile electrodes. However, the e-textile electrodes were not comparable to the 
Ag/AgCl electrodes for XC, φ, R0 and Rinf. This could potentially be due to the Zp being 
influenced by parasitic capacitance. By impacting XC, it influenced φ. Moreover, this 
potentially affected the Cole-Cole model resulting in unreliable R0 and Rinf 
measurements.  

To further analyse e-textile electrodes, there are various studies that must be 
undertaken before adopting to wearable devices. An initial stage into future research 
would be to explore Chapter 4 further by analysing Zp relative to the fibre and textile 
structure of various substrates. Textiles are known accumulate a charge that can 
influence the relative permittivity [280]. This relative permittivity also varies for 
synthetic and natural fibres [281]. Thus, future research is required into analysing the 
impact of selecting synthetic, natural or hybrid fibres as a substrate based on the e-
textile electrodes Zp. There is also the thickness of the textile that can potentially 
change its properties. For this study, silver thread was adopted and is considered a 
healing material. Recently, it has been shown that silk also has wound healing 
properties [282]; thus, by adopting silk as a substrate research can be conducted to 
identify the healing properties of the e-textile electrodes and any impacts it may have 
on the Zp. For future research it is suggested that the textiles used as substrates are 
designed and fabricated maintaining consistency in terms of: (i) thickness, (ii) weight 
and (iii) textile structure. Thus, a comparison can be made based on the different 
relative permittivity of the textile. In addition, varying these variables can provide a 
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correlation to Zp. Moreover, further research into the threshold observed for the 
amount of conductive thread used in the fabrication process is required. Research 
into the impact of an extended amount of shapes should also be evaluated.  

Further studies to improve usability (Chapter 6) would include integrating e-textile 
electrodes into pressure bandages requires analysis into the impact of shear strain 
on the polarization impedance. Stretching conductive textiles causes a change in 
resistance [283]; thus, observing the change in Zp relative to the surface area of the 
electrode is required. Further research into the reusability of e-textile electrodes is 
required. This includes various factors, such as (i) washability, (ii) hysteresis and (iii) 
fouling. These studies are important in improving the reliability of the e-textile 
electrodes and their sustainability, as these electrodes are currently ‘single-use’. It is 
then that these e-textile electrodes will be adopted widely into a wearable device for 
wound monitoring. Chapter 6 presented the current issues associated with adapting 
e-textiles to current equipment in terms of noise. Thus, the implementation of a 
wearable device needs to improve the common mode rejection ratio (CMRR) to 
reduce the level of noise to improve accuracy [279]. To test this device, there is also 
a lot of research required into understanding the wound healing process. 

There is much potential in the future research of long-term monitoring of wounds 
and a substantial amount of future work needs to be carried out in-vivo to gain a 
better understanding of the physiology of wounds relating to Z. Current research 
adopt BIA to measure the healing process of wounds by taking a single measurement 
at specific time points over a defined time period [35,38,39,45]. However, to adapt 
BIA for long-term monitoring continuous measurements associated with the wound 
healing process should be performed. This is due to the continuous changes occurring 
during the healing phase [83]. It is important to measure wounds over a continuous 
time period to detect a trend associated with the healing process; thus, Z would be 
relative to time during each phase. These identified trends associated to the four 
stages of the wound healing phase should form a baseline as a reference. This is the 
limitations of current research as measurements associated with the wound healing 
process are compared to an opposite healthy limb or healthy skin adjacent to the 
wound. However, several variables can cause discrepancies between the unhealthy 
and healthy skin measurements. For example, Z is based on the resistance and 
capacitance of the limb (refer to Chapter 2) and the two limbs may differ in terms of 
the amount of fluid present and the skin thickness which impact the equations 
associated to resistance and capacitance (Equations 2.3 and 2.4) implying in 
incomparable Z [168,284]. Therefore, work in this area needs to stem from the 
underlying complexity of measuring Z on living matter (in-vivo). Living material 
continuously changes. Thus, it is important to gain a better understanding of Z in-vivo 
on healthy skin and its trend relative to the functioning of a healthy body before 
analysing the trends associated to the wound healing process. This would provide 
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insight into whether there is a relaxation period associated to in-vivo measurements 
that can potentially influence dynamic measurements [167]. Therefore, by identifying 
this relaxation period it can form a basis as to Z as a function of time. Thus, 
determining whether it has an impact on the dynamic measurements of wounds.  

Monitoring the wound healing process dynamically relative to Z also requires a study 
of how Z is influenced by skin temperature as this is commonly associated with Zes 
and has yet to be extrapolated [285]. This can also influence Z and depending on the 
location of the wound in addition to the type of wound, this could potentially 
influence the trend. Therefore, temperature is an additional variable that needs to 
be taken into consideration. Thus, understanding Z relative to temperature and the 
relaxation period can assist in finding the trends of Z during the haemostasis, 
inflammation, proliferation and regeneration phase.  

By identifying the trends associated with the wound healing stages, e-textile 
electrodes can be adapted for comparison. Provided that wet electrodes cannot be 
adapted for long-term monitoring [47], a study is required to compare the e-textile 
electrodes to wet electrodes on healthy skin for a short period of time. By observing 
their performance on healthy skin, the discrepancies between the two electrode 
types can be accounted for when they are used to monitor the wound healing 
process. This is required as the e-textile electrodes are capacitive in nature [47] and 
can be influenced differently relative to the various stages of the wound healing 
process. By gaining a deeper understanding into the physiology of wounds relative to 
Z and the efficacy of e-textile electrodes, a wearable BIA can be designed and 
developed enabling continuous long-term monitoring of the healing wounds. This 
permits patients to self-monitor in home settings, thus reducing the length of hospital 
stays, visits to emergency departments and number of hospital readmissions and 
improving the quality of life.  
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Appendices 

Appendix I 

Two-ply twisted yarn 

The functional thread, Shieldex Conductive Twisted Yarn (Shieldex U.S., Palmyra, NY, 
United States), is two-ply twisted. Two-ply twisted yarn is plied by taking two 
separate yarns that each have a twist to them and twisting them together, refer to 
Figure 1. 

 

Figure 1. Two-ply twisted yarn [1] “© Gleba et al. 2018. CC BY 4.0.” 

Embroidery machines work with two threads, a needle thread and a bobbin thread. 
The mechanisms of the embroidery machines work to form an interlock of the two 
threads Figure 2a [2]. To setup the machine, the needle thread runs through the top 
section of the embroidery machine passing through tension discs and is fed through 
the needle. The bobbin thread is wound onto a bobbin and inserted into a case that 
is placed in the lower section of the machine. To make a stitch, the needle is lowered 
through the cloth into the bobbin area. A rotating hook in the bobbin area catches 
the needle thread wrapping it around the bobbin thread interlocking the two threads 
in the middle of the thickness of the textile.  

Ideally, for the interlocking to be formed in the middle of the textile, the thread 
tensions must be balanced. The needle thread tension is adjusted electronically on 
the upper section of the embroidery machine whilst the bobbin tension thread is 
manually adjusted on the bobbin case. In addition, the thread tension balance also 
relates to the equivalence of the needle and bobbin thread mass. This mass is 
referred to as the linear mass density measured in a textile unit of tex. 
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Thread Mass 

This refers to the linear mass density of thread. It is measured in a textile unit of tex 
presented below, 

1 tex = 1 g.km-1, and 

1 dtex = 1 g.10km-1,          

where g is grams and km is kilometre. 

The two principal embroidery stitch types are the weave and satin fill. Satin stitches 
traverse back and forth over a narrow area, alternating between an angled stitch and 
a straight stitch. To cover larger areas, embroidery machines have the option of auto 
split breaking the long satin stitches into shorter ones by distributing needle 
penetrations randomly. Weave stitches are preferred for large areas in a design. 
Comprising of straight-line stitches, the stitch penetrations alternate line to line 
effectively resembling a woven material. Satin and weave stitches can be altered 
through changing the spacing between the stitch penetrations (i.e., density). The 
density can be set in terms of percentage coverage of the embroidery area (%) or the 
distance between adjacent interlocks measured in mm, Figure 2b. In terms of 
percentage coverage, a low percentage implies a low density and a large percentage 
implies a high density. However, when the density is measured in distance (mm), a 
low distance implies a high density while a high distance implies a low density.  

 

Figure 2. Embroidery stitching: (a) interlocking of needle and bobbin thread [2] “© 

Wickramasinghe et al.; licensee springer. 2014. CC BY 4.0”, and (b) stitch length and 

stitch density. “© IOP Publishing. Reproduced with permission.  All rights reserved.” 
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Appendix II 

 

 

Figure 1. Change in resistance for weave sample electrodes using wet wafer testing 

method over 20 second intervals. “© IOP Publishing. Reproduced with permission.  All 

rights reserved.” 

 

Figure 2. Change in reactance for weave sample electrodes using wet wafer testing 

method over 20 second intervals. “© IOP Publishing. Reproduced with permission.  All 

rights reserved.” 
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Figure 3. Change in resistance and reactance for satin sample electrodes using wet 

wafer testing method over 20 second intervals. 
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Appendix III  

Air Permeability 

It is important that the textile substrates for embroidered electrodes are efficient and 
comfortable for long term patient monitoring. Physiological comfort adheres to 
textiles produced for functional and technical purposes such as embroidered 
electrodes. One parameter affecting the physiological comfort is the air permeability 
defined as the ratio of air delivered perpendicularly to a surface of a textile relative 
to the amount of air passing the surface area. The breathability of the embroidered 
electrode is determined by testing its air permeability. Factor influencing the 
permeability characteristics of embroidered electrode are: (i) properties of the raw 
material of the textile substrate, (ii) structural properties of the textile substrate and 
(iii) embroidery stitch. It should be noted that not all fabrics are expected to have the 
same air permeability. This important property of a fabric is one of the critical factors 
affecting its selection for a particular application. For an extensive read, a number of 
research articles on permeability properties of textiles and associated influencing 
factors are accessible in the literature by Zupin et al., Tastan et al., Vimal and Zhu et 
al. [1]–[4]. 

Relative Permittivity 

Textiles can be electrically characterised by their dielectric constant. The relative 
permittivity denoted by εr is frequency dependent and defined as  

!!(#) = 	 "($)"!
, where 

ε(ω) is the complex permittivity of the material and !& is the vacuum permittivity.  

Textile Structures 

The four textile structures of the substrates are (i) plain weave, (ii) poplin, (iii) velvet 
and (iv) non-woven felt. These are common textiles in the textile engineering field 
and were commercially purchased for this study. The structure is one of many 
variables associated with textiles. This research was based on the structure as it is the 
main feature characterising textiles in their final form visible to the human eye. Figure 
A1 presents the four textiles adapted as substrates for this study.  

Non-woven fabrics are made from bonding fibres through a chemical, mechanical, 
heat or solvent treatment and are quite pores. 

Woven fabrics are often created on a loom interlacing two or more threads at right 
angles to one another, such as poplin and plain weave. The difference between these 
two substrates is that the former is much lighter in weight and possess a smooth 
texture while the latter is somewhat coarser and is slightly thicker. 
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Velvet fabric is a type of woven tufted fabric with a soft, short dense pile.  

 

Figure 1. Textiles used as substrates for e-textile electrodes: (a) cotton plain weave, 

(b) cotton poplin, (c) cotton velvet and (d) polyester non-woven felt. “© IOP 

Publishing. Reproduced with permission.  All rights reserved.” 
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Appendix IV  

Table 1. Zp modulus (kΩ) values relating to skin temperature and skin wetness 40 – 90% RH. “© IOP Publishing. Reproduced with permission.  All 

rights reserved.” 

T* 40% 50% 60% 70% 80% 90% 40% 50% 60% 70% 80% 90% 
 E1 E2 

30 302 296 288 277 264 246 334 333 330 327 320 285 
31 288 283 276 265 255 240 335 333 332 329 324 293 
32 297 289 280 269 244 229 339 337 334 330 323 287 
33 301 294 285 275 265 243 334 332 327 322 313 291 
34 282 275 266 256 241 224 332 330 327 322 312 289 

 E3 E4 

30 282 283 280 278 274 265 277 276 275 272 268 252 
31 284 282 279 278 276 259 280 279 276 271 267 261 
32 286 284 282 279 275 249 280 278 276 272 267 261 
33 284 282 279 278 274 253 280 277 275 273 269 260 
34 289 286 283 278 269 243 273 271 267 263 256 245 

*T Temperature (˚C) 

 

Table 1 presents the absolute Zp measurements of the e-textile electrodes relative to the temperature and RH settings of the climatic chamber; 

the lowest and highest values are underlined and in bold, respectively.  
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Table 2. Trend equations and correlation coefficient of ΔZp relative to temperature against the 10% RH increments. “© IOP Publishing. Reproduced 

with permission.  All rights reserved.” 

 E1 E2 E3 E4 

40-50% ! = −0.03'! + 1.99' − 32 ! = −0.04'! + 2.80' − 45 ! = −0.11'! + 7.59' − 125 ! = −0.05'! + 3.33' − 55 

R2 0.42 0.86 0.83 0.61 

50-60% ! = 0.01'! + 0.73' − 12 ! = 0.12' − 3 ! = 0.04'! + 2.76' + 45 ! = 0.04'! + 2.56' − 39 

R2 0.76 0.2 0.25 0.48 

60-70% ! = −0.01'! + 0.41' − 2 ! = 0.18' − 5 ! = 0.14'! − 8.9' + 140 ! = −0.01'! + 0.43' − 5 

R2 0.18 0.9 0.55 0.01 

70-80% ! = −0.34'! + 22.16' − 352 ! = 0.14'! − 8.36' − 130 ! = 0.21'! − 12.69' + 195 ! = 0.13'! − 7.99' − 126 

R2 0.10 0.84 0.92 0.75 

80-90% ! = 0.12'! − 7.52' + 123 ! = −0.16'! + 9.10' − 121 ! = −0.45'! + 30.17' − 496 ! = 0.76'! − 48.68' + 785 

R2 0.24 0.65 0.84 0.83 
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Appendix V  

Dipolar Measurements Day 1 & 2 

Table 1. Pork belly properties.  

Pork 
Belly 
Sample 

Configuration Weight (kg) Size (cm)  
(l ´ w ´ h) 

Electrodes 

ST2 Dipolar 1.5  21 ´ 18 ´ 4 Ag/AgCl 
 

 

Figure 1. Measurements for intact BUS using Ag/AgCl in tetrapolar configuration: (a) 
Z and R day 1, (b) Z and R day 2 (c) XC day 1, (d) XC day, (e) φ day 1, (f) φ day 2. 
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Appendix VI  

Table 1. Regression equations (y) and R2 for Z and R. 

Z, R 
  Ag/AgCl E-textiles 

3-1000 kHz 
  S1 S2 S3 S4 S5 S6 
D1 y 98.63e-0.001x 99.02e-0.001x 99.81e-0.001x 99.81e-0.001x 99.03e-0.001x 99.03e-0.001x 
 R2 0.87 0.94 0.98 0.98 0.92 0.90 
D2 y 98.204e-0.003x 98.204e-0.003x 98.204e-0.003x 98.81e-0.003x 99.65e-0.003x 97.86e-0.003x 
 R2 0.96 0.97 0.97 0.97 0.99 0.92 

5 kHz 
D1 y 98.62e-0.001x 99.03e-0.001x 99.36e-0.001x 99.83e-0.001x 99.00e-0.001x 99.07e-1E-03x 
 R2 0.86 0.93 0.96 0.98 0.91 0.90 
D2 y 98.41e-0.003x 98.98e-0.002x 98.63e-0.003x 98.84e-0.003x 99.69e-0.002x 98.23e-0.003x 
 R2 0.97 0.97 0.98 0.97 0.99 0.95 

50 kHz 
D1 y 98.62e-0.001x 99.025e-0.001x 99.359e-0.001x 99.77e-0.001x 98.959e-0.001x 98.741e-9E-04x 
 R2 0.86 0.93 0.96 0.98 0.90 0.82 
D2 y 98.20e-0.003x 98.94e-0.003x 98.58e-0.003x 98.87e-0.003x 99.68e-0.003x 97.71e-0.003x 
 R2 0.96 0.97 0.98 0.98 0.98 0.92 
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Table 2. Regression equations (y) and R2 for XC. 

XC 
  Ag/AgCl E-textiles 

3-1000 kHz 
  S1 S2 S3 S4 S5 S6 
D1 y 98.56e-0.001x 99.29e-0.001x 99.33e-0.001x 101.99e-6E-04x 96.24e-0.004x 94.47e-0.002x 
 R2 0.85 0.96 0.96 0.33 0.89 0.26 
D2 y 100.12e-0.004x 102.91e-0.04x 100.12e-0.004x 102.85e-0.008x 102.34e-0.061x 98.03e-0.037x 
 R2 0.33 0.98 0.33 0.33 0.89 0.26 

5 kHz 
D1 y 98.94e-5E-04x 98.36e-3E-04x 99.37e-9E-04x 97.76e0.001x 102.25e-0.007x 98.80e-8E-04x 
 R2 0.21 0.14 0.84 0.53 0.71 0.01 
D2 y 101.94e-0.018x 105.5e-0.068x 103.36e-0.032x 96.34e0.0146x 114.19e-0.111x 99.98e-0.012x 
 R2 0.96 0.98 0.97 0.53 0.70 0.01 

50 kHz 
D1 y 98.56e-0.001x 99.52e-0.001x 99.20e-0.001x 103.95e-6E-04x 99.52e-0.001x 96.98e-2E-04x 
 R2 0.72 0.97 0.93 0.12 0.97 0.003 
D2 y 98.72e0.0019x 99.87e0.0022x 103.36e-0.032x 104.96e-0.01x 101.31e-0.018x 97.22e-0.003x 
 R2 0.03 0.14 0.97 0.12 0.97 0.003 
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Table 3. Regression equations (y) and R2 for φ. 

φ 
  Ag/AgCl E-textiles 

3-1000 kHz 
  S1 S2 S3 S4 S5 S6 
D1 y 99.93e4E-05x 100.27e-1E-05x 99.18e0.0005x 102.87e0.0006x 95.646e-0.001x 95.12e0.0004x 
 R2 0.10 0.05 0.48 0.22 0.47 0.04 
D2 y 99.80e0.0048x 99.89e-0.001x 99.80e0.0048x 103.96e0.0182x 99.104e0.0025x 98.948e0.0076x 
 R2 0.59 0.18 0.55 0.29 0.23 0.78 

5 kHz 
D1 y 100.32e0.0006x 100.28e0.0012x 99.725e0.0005x 98.63e0.0021x 102.17e-0.005x 100.3e0.0008x 
 R2 0.30 0.80 0.62 0.90 0.53 0.02 
D2 y 101.7e-0.013x 102.62e-0.036x 101.7e-0.013x 95.528e0.0286x 99.372e0.0507x 96.765e0.0482x 
 R2 0.95 0.96 0.94 0.86 0.82 0.96 

50 kHz 
D1 y 99.886e-2E-04x 100.52e-2E-05x 99.424e0.0003x 103.46e0.0025x 100.52e-2E-05x 98.654e0.0011x 
 R2 0.80 0.01 0.36 0.80 0.01 0.44 
D2 y 99.132e0.0026x 102.24e-0.025x 99.132e0.0026x 100.1e0.0355x 99.745e0.0032x 99.632e0.0042x 
 R2 0.17 0.96 0.17 0.79 0.90 0.68 
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Table 4. Regression equations (y) and R2 for R0. 

R0 
  Ag/AgCl E-textiles 

3-1000 kHz 
  S1 S2 S3 S4 S5 S6 
D1 y 100.29e-0.017x 100.9e-0.019x 101.72e-0.021x 102.36e-0.023x 105.38e-0.021x 93.81e0.0213x 
 R2 0.85 0.94 0.98 0.54 0.62 0.47 
D2 y 100.74e-0.035x 102.39e-0.03x 101.59e-0.022x 101.41e-0.015x 99.428e-0.007x 100.09e-0.015x 
 R2 0.86 0.99 0.98 0.81 0.42 0.75 

 

Table 5. Regression equations (y) and R2 for Rinf. 

Rinf 
  Ag/AgCl E-textiles 

3-1000 kHz 
  S1 S2 S3 S4 S5 S6 
D1 y 100.9e-0.022x 101.12e-0.022x 100.27e-0.01x 103.87e-0.046x 103.93e-0.029x 102.5e-0.032x 
 R2 0.91 0.90 0.88 0.92 0.94 0.98 
D2 y 102.66e-0.029x 102.66e-0.029x 101.94e-0.025x 102.31e-0.033x 102.79e-0.037x 102.81e-0.039x 
 R2 0.91 0.99 0.89 0.96 0.94 0.98 

 

 


	Electronic-Textile (E-Textile) Electrodes for use in Bioelectrical Impedance Analysis

