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Abstract 

Recently, researchers have adapted Bioelectrical Impedance Analysis (BIA) as a new 
approach to objectively monitor wounds. They have indicated various BIA parameters 
associated to specific wound types can be linked to wound healing through trend analysis 
relative to time. However, these studies are conducted using wet electrodes which have been 
identified as possessing several shortcomings, such as unstable measurements. Thus, the 
adaption of e-textile electrodes has become an area of interest in measuring biosignals. E-
textile electrodes are known to possess a significantly large polarization impedance (Zp) that 
potentially influences these biosignal measurements. In this study we aim to identify the 
suitability of e-textile electrodes to monitor wounds using BIA methodologies. By adapting 
suggested methodologies conducted in-vivo from previous studies, we used an ex-vivo model 
to observe the behaviour of e-textile electrodes relative to time. This was compared to 
common clinical wet electrodes, specifically Ag/AgCl. The objective of this study was to 
identify the BIA parameters that can be used to monitor wounds with e-textile electrodes. By 
analysing the BIA parameters relative to time, we observed the influence of Zp on these 
parameters.  

Keywords: electronic textile electrodes (e-textile electrodes), dry electrodes, Bioelectrical impedance analysis (BIA), 
polarization impedance, biopotential electrodes, wearable electrodes 

 

1. Introduction 

Current clinical wound management is poorly managed and 
is of major concern [1–4]. Practitioners and nurses monitor the 
wound healing process in accordance with the Australian and 
New Zealand standards for wound prevention and 
management [5]. However, this methodology cannot be 
quantified. It is based on visual assessment that can potentially 
lead to a misdiagnosis resulting in improper treatment of the 

wound [6–10]. The current protocol of managing wounds can 
also be timely requiring the aid of multiple measuring tools 
[11]. These shortcomings have resulted in infections and 
ulcers due to premature withdrawal of treatments. It is an issue 
that has impacted government expenditure, in addition to the 
patient’s ‘out-of-pocket’ cost and quality of life. A vast 
amount of research has been undertaken into monitoring 
wounds using Bioelectrical Impedance Analysis (BIA) 
adapting wet electrodes as the interface between the system 
and the skin. With the development of microtechnology and 
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conductive threads, the concept of wearable technology [12–
14] adapting smart textile sensors for long-term monitoring of 
wounds is a possibility. 

Currently, research into BIA for wounds adapt wet 
electrodes such as Ag/AgCl. These electrodes are 
manufactured with a ‘gel’ electrode-electrolyte layer that 
prevents a charge build up from the injected current through a 
redox-reaction; thus, they are regarded as nonpolarized [15]. 
However, previous research has indicated that these electrodes 
are subjected to a minor polarization [16,17] that is considered 
negligible. Therefore, wet electrodes can be adapted to all 
biomedical systems regardless of its frequency range (0.5 Hz 
to 1 MHz) [18]. This is evident in research adapting ECG 
electrodes for BIA measurements. These electrodes possess an 
adhesive layer securing them to the skin. However, to create a 
secure interface between the electrodes and the skin thorough 
preparation of the skin is required. In addition, this adhesive 
layer can irritate the skin. Moreover, the ‘gel’ and adhesive 
layer are subject to dehydration relative to time. This could 
potentially be due to a degradation of the ‘gel’ layer altering 
the redox reaction and the loss of adhesiveness altering the 
interface pressure between the electrode and skin. Inconsistent 
dehydration of paired electrodes causes an electrode mismatch 
resulting in unstable and unreliable measurements. Research 
suggests that an electrode-mismatch could influence the 
symmetry of the Cole plot associated with multi-frequency 
BIA (mfBIA) by presenting a ‘hook’ artefact for the frequency 
range of 3-1000 kHz [19,20]. 

To overcome these shortcoming of wet electrodes, dry 
electrodes have recently received much attention. Dry 
electrodes have been developed with the use of polymers and 
nanoparticles in the form of membranes [21–36] and textiles 
[37–53]. However, recently research has suggested that 
polymers can cause skin irritations while nanoparticles can 
enter the body through the skin’s pores. Embroidering 
electronic textile (e-textile) electrodes is a simple and 
convenient fabrication process resulting in comfortable dry 
electrodes without the shortcomings of the previously 
mentioned dry electrodes. However, an issue pertaining to e-
textile electrodes is by passing a current through the 
electrodes, a charge build-up occurs on the surface causing a 
polarization impedance (Zp). This is a common phenomenon 
across all dry electrodes; thus, they are classified as polarized 
electrodes [18,54–58]. The Zp associated with e-textile 
electrodes is significantly greater than wet electrodes, 
specifically by a magnitude of kΩ. Moreover, the Zp is 
frequency dependent indicating that the fabrication and 
performance of e-textile electrodes is system dependent.  

Our previous research on e-textile electrodes demonstrated 
the impact of the fabrication process and substrate selection 
on Zp for single frequency BIA (sfBIA) at a discrete frequency 
of 50 kHz. Adapting a wafer experimental methodology, we 
measured the autonomous Zp of electrode pairs. Our study into 

the fabrication process indicated an increase in the surface 
area of the e-textile electrodes resulted in a reduction in Zp. 
Moreover, we were able to further reduce Zp by increasing the 
stitch length and stitch density (reduction in stitch spacing). 
This study was followed by analysing a suitable substrate 
based on the impact of changes in skin properties relative to 
Zp. A climatic chamber was adapted to imitate the skin 
properties, specifically skin temperature and perspiration. We 
observed that the Zp of the e-textile electrodes with a polyester 
non-woven substrate was the least impacted relative to 
changes in skin temperature and perspiration.  

The Zp can potentially influence measurements of the 
biotissue under study (BUS) due to an unstable electrode-skin 
impedance (Zes). A comparison of Zes between wet and dry 
electrodes was studied by Spach et al. for a frequency range 
between 6 Hz and 1 kHz [59]. This study demonstrated a 
significantly lower Zes associated with wet electrodes 
compared to dry electrodes [59]. This could be associated with 
the low frequency ranges associated with ECG measurements. 
It has been suggested that these frequency ranges are 
susceptible to unwanted noise [60]. A vast amount of research 
into monitoring wounds using BIA adapt frequencies above 1 
kHz [61–63]. 

1.1 BIA parameters 

BIA systems measure the electrical resistance of the BUS 
through its response to an external electric current [64–69]. It 
is simple and non-invasive method that observes trends 
relative to the wound healing process [70,71] by applying a 
discrete frequency, referred to as single frequency BIA 
(sfBIA) or a frequency sweep known as multi-frequency BIA 
(mfBIA). sfBIA measures the impedance modulus (|Z|), 
resistance (R), reactance (XC), phase angle (φ) at the selected 
frequency. mfBIA finds the characteristic frequency (fC) 
where the body's reactance is at its maximum and uses this 
frequency to determine the paremeters in addition to the short 
and open circuit resistance (R0 and Rinf, respectively) [72–75]. 
R0 and Rinf relate to the extra cellular fluid resistance and 
intracellular fluid resistance of the BUS modelled in parallel 
at a frequency of 0 for R0 and at infnite frequency for Rinf. At 
these two frequency extremes, the cell membrane causes the 
capacitance of the BUS to behave as an open and short circuit. 
The impedance modulus is referred to as Z throughout this 
paper. The equations associated with Z and φ are defined by 
Equation 1 and Equation 3: 

 
𝑍 = #𝑅! + 𝑋"!,   Equation 1 
where 
𝑋" =

#
!$%"

.    Equation 2 

𝜑 = 𝑡𝑎𝑛&# '!
(
,    Equation 3 

where f is the frequency (interchangeable with fC for 
mfBIA) and C is the capacitance of the BUS at that frequency. 
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The overall capacitance consists of the setup of the metallic 
textile electrodes and the BUS acting as a dielectric. 

mfBIA is based on the Cole model represented by a 
resistance equivalent to the difference between R0 and Rinf 
parallel to a constant phase element in series with Rinf [76] 
(Figure 1); where the constant phase element corresponds to 
the non-ideal capacitance of the cell membrane of the BUS. 
Plotting R and XC on the x and y axis respectively across a 
frequency axis ranging from low to high fC, Z, φ, R0 and Rinf 
are extrapolated (Figure 2). 

 

 
Figure 1. Cole model [77]. 

 

 
Figure 2. Cole plot [78]. 

 

1.2 Methods into monitoring wounds using BIA 

Lukaski et al. adapted BIA to monitor the healing process 
of various wounds [62] focusing on trends relating to R, XC 
and φ at a frequency of 50 kHz. The electrodes were 
positioned locally in a tetrapolar configuration adjacent to the 
wounds with 1 cm distance between the current injecting 
electrodes and associated voltage sensors. The intermediate 
distances between the inner voltage electrodes positioned on 
the edge of the wounds varied depending on the size of the 
wound. Lukaski et al. observed an increase in trends across all 
parameters for uncomplicated wounds as the wound healed. 
The surgical wound demonstrated a fluctuation in trend across 
all parameters relative to interventions. The infected wound 
indicated significant changes in the magnitude and direction 
of the parameter trends. This research suggested that R is 

indicative of successful wound healing while XC and φ are 
related to neuropathy.  

Muller et al.’s study on diabetic patients focused on lower 
limb ulcers [61]; however, the ulcer dimensions were not 
reported. ImpediMed’s SFB7 was used with a frequency 
sweep ranging between 3-1000 kHz. A local tetrapolar 
electrode configuration was adapted with the voltage sensors 
positioned at the edge of the wound and the current injecting 
electrodes adjacently positioned with a distance of 1 cm. 
Adapting the Cole model, R and XC were extracted for 
analysis. Muller et al. associates an increasing trend in Z 
relative to the wound healing process.  

A frequency sweep and Cole model were also adapted on 
burn wounds by Kenworthy et al. using the same equipment 
[70,71,79] with a tetrapolar electrode configuration. These 
studies included: (i) a validation of the reliability of the 
equipment [70], (ii) performance based on the electrode 
positioning [70,79] and (iii) a correlation between BIA 
parameters and the healing phase [71]. R0, Rinf and Ri were 
analysed for (i) – (ii), while for (iii) φ was added into the study. 
Kenworthy et al. concluded that the SFB7 was a reliable 
measuring instrument to monitor wounds regardless of the 
wound type. It was also suggested that local positioning of the 
electrodes performed best in comparison to whole body and 
segmental. The final study based on the BIA parameters, 
indicated that R0 and Rinf are strongly related to the wound 
healing process contrary to Ri and φ. During the healing phase, 
an increasing trend in R0 and Rinf is noticeable [71].  

Kekonen et al. analysis discrete frequencies ranging from 
10 Hz to 100 kHz [63]. Measurements were recorded once 
daily over numerous days depending on the wound. Initial 
studies were conducted in a bipolar configuration before 
transitioning to a tetrapolar configuration [80]. An electrode 
couple were placed on the wound and another couple on the 
surrounding undamaged skin [63,80,81] as reference points 
where the normalisation percentage ratio of the wound Z 
relative to undamaged skin Z was observed [82,83]. Kekonen 
et al. identified an increasing trend in Z relative to the wound 
healing [83].  

King et al. studies inflammation of ankles due to acute 
ankle fractures [84] using sfBIA. This research was included 
in our study as inflammation is an important phase of the 
healing process [85]. The electrodes were positioned in a 
segmental tetrapolar configuration and Z was measured at 5 
kHz and 200 kHz on the injured limb and the opposite 
uninjured limb. King et al. observed a significantly lower Z in 
the injured limb with relatively close measurements between 
50 kHz and 200 kHz. 

From this previous research, we identified the 
methodological adaption of BIA systems to monitor wounds. 
Local tetrapolar electrode configuration adjacent to the wound 
demonstrates an accurate method of measuring BIA 
parameters associated with the wound healing process. sfBIA 
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and mfBIA have been adapted with an emphasis on analysing 
the parameter trend relative to time for the BIA parameters 
[86] indicating the need to monitor a wound continuously. 
Adapting e-textile electrodes would assist for short-term and 
long-term monitoring. 

In this study, we consider these methodologies adapted to 
monitor wounds using BIA in order to test the efficacy of e-
textile electrodes compared to clinical electrodes. The first 
part of this paper identifies the shape of the e-textile electrodes 
that reduces Zp. We then test the behaviour of pork belly in a 
bipolar and tetrapolar configuration relative to time using 
Ag/AgCl. Pork belly was selected as it emulates human skin 
due to its close dielectric properties. To evaluate the efficacy 
of the e-textile electrodes, we set up an experimental protocol 
based on the methodology from previous research to observe 
the trend of the BIA parameters used to monitor wounds 
relative to time. Comparing the e-textile electrodes to standard 
Ag/AgCl electrodes, we identified if the parameters were 
impacted by the high Zp of e-textile electrodes. 

2. Methodology 

This research has three components where the first two sub-
studies (i.e. Part A and Part B) are preliminary leading to the 
final section (Part C), refer to Figure 3. The first part is the 
fabrication and testing of elliptical and rectangular e-textile 
electrodes to identify the the shape that results in the lowest 
Zp. The second part is a study into the behaviour of pork belly 
as a BUS to set up the time period for our final experiment. 
The final part studies the behaviour of measuring the BUS 
using the Ag/AgCl and e-textile electrodes with the BIA 
parameters suggested in previous research, specifically Z, R, 
R0, Rinf, XC and φ. These were measured for the discrete 
frequencies of 5 and 50 kHz and for a frequency sweep 
ranging from 3-1000 kHz with the Cole plot using the SFB7. 
The SFB7 measures R and XC and calculates Z and φ, the 
system also applies a trademark algorithm to extrapolate R0 
and Rinf. All measurements were conducted in ambient room 
temperature, with a temperature of 20°C and a relative 
humidity of 60%. 

2.1 Part A: E-Textile Electrodes 

The e-textile electrodes were fabricated using the 
embroidery process reported in our previous studies. For the 
conductive component of the e-textile electrodes, Shieldex 
Conductive Yarn–Silver Plated Nylon (Ag/PA66) 2 × 117/17 
dtex (Shieldex U.S., Palmyra, NY, United States) was used as 
the needle thread. This thread has a reported linear resistance 
of about 1500 Ω.m−1 and a linear density of 29.5 tex. 

  

Figure 3. Experimental design. 
 
Thus, we matched this thread to a 100% polyester (PES) 
thread with a linear density of 39.8 tex for the bobbin thread 
[58]. The electrodes were designed and fabricated using the 
Embrilliance Embroidery Digitizing Software and Brother 
F440E embroidery machine based on our previous findings 
[18,58,87]. Elleptical and rectangular electrodes were 
embroidered on a polyester non-woven felt (relative 
permittivity: εr = 1.2 [58]) with stitch length 7 mm, stitch 
spacing (density) 0.4 mm and a surface area of 13.2 cm2. The 
dimensions and tolerances of electrodes were adjusted using 
embroidery process software, also snap-fasteners were 
attached to probes. 

Twelve coupled electrodes were fabricated for each shape, 
labeled sets S-E1 to S-E12 for the elliptical and S-R1 to S-R12 
for the rectangular e-textile electrodes. To test the Zp of the e-
textile electrodes, the triple-layer wafer method was adapted 
from our previous studies. For more information on the 
fabrication and testing methodologies, refer to our previous 
publications [18,58,87]. The e-textile electrodes were paired 
in a bipolar configuration with the conductive sides interfacing 
a polyester swatch of dimensions 45×40 mm and Zp was 
measured with the PM 6306 LCR Meter (Fluke Australia Pty 
Ltd, New South Wales, Australia) at 50 kHz, a common 
frequency associated to BIA.  

2.2 Part B and Part C: Preparation and Methodology 

To test the electrodes pork belly was used as a BUS as its 
dielectric properties are comparable to human skin [88,89]. 
The samples were purchased from a local butcher fresh in the 
morning (the origin and purchase of the pork belly was in 
Melbourne, Australia). The BUS sample cross dimensional 
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measurements were about 20 × 18 × 4 cm and weighed about 
1.5 kg. The samples were transported in a cooler without any 
ice to avoid cooling distribution that cannot be controlled. To 
repeat the experiment over two days, we refrigerated the pork 
belly. Each sample was wrapped in a natural calico textile and 
placed in air tight polyethylene storage sealable bags. The 
samples were placed adjacently on the grill shelves of the 
refrigerator and stored overnight at a temperature of 5°C. 

The electrodes were commercially purchased. Ambu 
WhiteSensor WS Ag/AgCl electrodes were chosen due to their 
highly conductive solid gel, large surface area with strong 
adhesion and foam backing [90]. Given that Ag/AgCl 
electrodes requires preparation of the skin, we prepared the 
BUS samples by cleaning them using Isopropyl Alcohol swab 
wipes. The BUS samples were left to dry for an hour prior to 
placing the electrodes. A 10 minute period prior to taking 
measurements allowed the electrodes to settle and adhere to 
the skin [91]. We applied the frequency sweep of the SFB7 
and set the device to collect 5 measurements every three 
seconds for each data collection. The absolute values for R, 
XC, Z, φ and R0 and Rinf were extracted directly from the 
BioImp software. 

To analyse the Z relative to time, normalisation was applied 
to the BIA parameters with reference to the measured absolute 
value of the parameter under study at time 0 minutes, i.e. the 
first measurement, refer to Equation 4. It has been suggested 
that the rate of change of BIA parameters in relation to time 
are relatively small [92], therefore the normalisation was 
transformed to a percentage.  

 
𝑃)*+,- =

."

.#
× 100%,   Equation 4 

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, we would have the following: 

 
𝑍)*+,- =

/$#
/#
× 100%   Equation 5 

To present this data, a 100% horizontal line is plotted 
referring to the absolute value at time 0 minutes (the time of 
the first data collected). Thus, at time 0 all parameters are 
located on the 100%, as time passes it indicates the deviation 
from this reference point. It is also important to note that a 
logarithmic scale could not be adapted for this study as the rate 
of change was relatively small. Although 3D density plots 
provide absolute values of the BUS Z and φ [93], 
normalisation was a preferred method of analysis to observe 
the trend (refer to section Methods into monitoring wounds 
using BIA).  

2.2.1 Part B: Pork Belly Limitations.  To gain a better 
understanding of the BUS, a preliminary experiment was 
performed to measure Z of the pork belly BUS in a tetrapolar 

and bipolar configuration with the electrodes positioned 
distally at 10 cm [75]. The bipolar configuration was used as 
a reference to test and compare our measured Z to previous 
research in the field of food and technology, refer to Appendix 
I. However, the focus of this study is based on a tetrapolar 
configuration common in BIA measurements of wounds. The 
Ag/AgCl electrodes were placed onto the pork belly, with the 
adhesiveness of the electrodes bounding the skin to the 
electrode.  

For the preliminary experiment, measurements were 
collected every 30 minutes over a span of 180 minutes. We 
repeated this experiment over two days to observe the trend of 
the BUS sample that will be adapted for Part B. For the 
preliminary study, the data was analysed using the Cole plot 
with a frequency range of 3-1000 kHz and for the various pre-
set discrete frequency measurements, specifically: 5, 50, 100 
and 200 kHz. This analysis was completed for the common 
BIA parameters: Z, R, XC and φ.  

2.2.2 Part C: Testing of Ag/AgCl and Ag/PA66 e-textile 
electrodes.  The primary focus of this study was to 
compare the performance of e-textile and Ag/AgCl electrodes 
for use with BIA systems to monitor wounds. To test the 
electrodes, six BUS samples were prepared. Three samples 
were measured using the wet electrodes and three with the dry 
elliptical electrodes over a two-day period. Table 1 lists the 
BUS samples dimensions of the BUS samples. The weight and 
measurements of the BUS samples and electrodes used. A 2 x 
2 x 0.5 cm (length x width x depth) excision was created in the 
centre of the BUS sample as a guide for the positioning of the 
electrodes covered with a compression sleeve.  

 
Table 1. Pork belly BUS samples for Part C. 

BUS 
Sample 

Weight (kg) Dimensions: 
l × w × h 
(cm) 

Electrodes 

S1 1.5 20 × 17 × 4 Ag/AgCl 
S2 1.5 20 × 17 × 4 Ag/AgCl 
S3 1.5 20 × 17 × 4 Ag/AgCl 
S4 1.5 20 × 18 × 4 S-E1, S-E2 
S5 1.5 20 × 18 × 4 S-E3, S-E4 
S6 1.5 20 × 17 × 4 S-E5, S-E6 

 
The compression sleeve provided a relatively controlled 
methodology for the e-textile electrodes to conform to the 
BUS samples compared to other methods that were trialled on 
an independent sample. Various commercially available 
materials from haberdashery stores and chemists were tested. 
Given that the Ag/AgCl electrodes rely on the adhesiveness 
layer to bond to skin, we imitated this method with the e-
textile electrodes by trying skin glue (also referred to liquid 
skin); however, the glue dehydrated and detached from the 
samples. Sports Strapping Tape, Micropore Paper Tape and 
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Surgical Tape did not provide strong adherence and the e-
textile electrodes detached from the sample resulting in 
incorrect measurements due to motion artefact especially 
when attaching the leads to the electrodes. It is important to 
note that these methods were tested on pork belly; thus, it is 
possible that these methods may work on human skin. We 
tried Velcro, common in previous research on humans. 
However, the rigidness of Velcro did not allow the e-textile 
electrodes to conform to the shape and deep sulci of the pork 
belly sample creating an air gap between the electrode and the 
skin [57,94] resulting in erroneous measurements. This also 
occurred with a medium weight crepe bandage due to its large 
and incontrollable shear and stretch properties resulting in 

inconsistent pressures. The Elastocrepe Heavy Weight Crepe 
Bandage with a tighter textile structure reduced the sheerness 
and stretch providing more control. With a stretch of 60%, 
strips of the bandage were cut to half the width of the BUS 
samples and transformed into a compression sleeve by sewing 
the top and bottom edge of each strips together with a 
domestic sewing machine. However, in ‘real-life’ applications 
a more suitable approach would be to sew Velcro onto the 
edges of the bandage strips where the compression sleeve can 
be easily applied and removed without discomfort to the 
patient. 

 

 

 
Figure 4. Experimental set-up for Part C. 
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Given that the Ag/AgCl electrodes adhere to the skin, there 

were no modifications required for the sleeves to be used with 
these electrodes. However, for the e-textile electrodes we 
carefully hand-sewed them to the sleeves. We avoided using 
the sewing machine to prevent the possibility of any damage 
to the conductive side from the sewing machine. By following 
the tetrapolar configuration, a set of e-textile electrodes acting 
as voltage sensors were sewn at the edge of the bandage while 
we positioned the other set of e-textile electrodes adjacent to 
the voltage sensors at a distance of 1 cm. These act as the 
current injecting electrodes. To create an ideal scenario we 
imitated the concave shape of a limb by rolling the BUS 
samples [95] (Figure 4) and passing it through the 
compression sleeve to maintain its shape. The sleeve was 
fitted with the voltage sensing electrodes positioned relatively 
close to the edge of the excision (i.e. about 0.5 cm).  

For the BUS samples tested with Ag/AgCl electrodes, the 
unmodified sleeve was fitted first, maintaining the concave 
shape of the BUS sample prior to adhering the electrodes to 
the skin. The configuration for the Ag/AgCl was identical to  
the configuration of the e-textile electrodes. By placing the 
sleeve over the Ag/AgCl electrodes we attempted in applying 
a relatively consistent pressure across the Ag/AgCl electrodes 
and e-textile electrodes as this has an impact on their 
performance [94]. To facilitate for the connection of the SFB 
7 leads, the snaps were passed through an opening of the 
sleeve.  

The measuring methodology was based on Part B, and the 
time period was reduced to 60 minutes. Given that we reduced 
the experimental time, we also reduced the time period of the 
measurements to 15 minutes in order to obtain an adequate 
amount of data. A 15-minute time period also provides 
adequate time to collect and verify the data collected from the 
6 samples. This experiment was also completed on two days 
as in Part B. After collecting the data at the end of day 1, we 
placed all the sleeves in the washing machine. To reduce the 
risk of causing any damage to the e-textile electrodes, the 
washing machine was set on delicate cycle with a cold water 
and 300 spin cycle setting. The sleeves were laid out to dry 
flat to avoid any stretch to the crepe bandage. Although the 
purpose of washing the sleeves was to test the efficacy of re-
using the e-textile electrodes, we also washed the sleeves used 
with the Ag/AgCl electrodes. Given that it is possible for a 
slight change in the structure of the crepe textile bandage due 
to the washing process, it is important to maintain consistency 
across all sleeves for comparison of the two types of 
electrodes.  

This experiment was customised based on the research 
currently undertaken in measuring wounds using BIA in terms 
of frequencies and BIA parameters analysed, refer to Figure 5. 

 
 

Figure 5. Experimental process. 
 

3. Results 

3.1 Part A: E-Textile Electrodes 

By fabricating rectangular electrodes (S-R1 to S-R12) and the 
elliptical electrodes (S-E1 to S-E12) on the non-woven 
polyester substrates, we tested Zp and φ. Measurements are 
presented in Figure 6. 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. The elliptical electrodes possessed a Zp 
13.5% less than the rectangular electrodes (based on 
percentage difference not percentage change). This could be 
due to the elliptical shape having an even charge distribution 
across the surface area, while the charge on the rectangular e-
textile electrodes potentially stray to the edges. φ of about -90º 
is indicative of a pure capacitive effect that is consistent across 
both shapes. Therefore, for Part C, we adapted the elliptical e-
textile electrodes. 

3.2 Part B: Pork Belly Limitations 

The bipolar method has previously been adapted to 
measure Z of necrotic pork tissue [96] in the food and 
technology field measuring about 650 Ω at 50 kHz. This is 
comparable to our value of Z measuring 600 Ω at time 0 in the 
bipolar mode, refer to Appendix I for BUS properties and 
trend analysis. Therefore, this supports our method of 
measuring the pork BUS. Thus, we were able to conduct the 
experiments in a tetrapolar configuration common to BIA 
measurements on human beings. Z was measured to be about 
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70 Ω in a tetrapolar configuration. This is comparable to 
measurements on human beings in a tetrapolar configuration  

[72]; therefore, confirming the dielectric properties of pork 
belly skin.

 

Figure 6. Measurements for e-textile electrodes: (a) Zp and φ for rectangular electrodes and (b) Zp and φ for elliptical 
electrodes. 

 
In a tetrapolar configuration, Z and R demonstrated some 

saturation at 80% over a 180-minute period on the two days, 
refer to Figure 7a-b. This trend was identical for frequency 
sweep and the discrete frequencies. This decrease settles 
between 60 and 90 minutes. Although, an exponential 
decrease was not demonstrated for XC and φ, and no trend was 
discernible, refer to Figures 7c-f. This could be caused by a 
parasitic capacitance [97]. This becomes prominent at higher 
frequencies, specifically 100 and 200 kHz.  

Research suggests that an applied pressure to the electrodes 
can reduce the skin-electrode interface impedance [94,98,99]. 
However, this is outside the scope of this study and Part B was 
indicative of an exponential decrease occurring before 
settling. Research has indicated that there is a continuous 
change in Z relative to the wound healing; thus, we are 
interested in observing the period of change observed in the 
BUS of this study (i.e. the pork belly). Although the time 
before settling occurs between 60 and 90 minutes, we adapted 
60 minutes for Part C. This was also a suggested time limit for 
keeping the BUS samples at room temperature suggested by 
experts in the food and technology industry. 

3.3 Part C: Evaluation of Ag/AgCl and Ag/PA66 e-
textile electrodes 

3.3.1 Evaluation of e-textile electrodes for electrode 
mismatch.  Despite a slight tolerance associated with the 
fabrication process, the Cole model was symmetrical for the 
frequency range 3-1000 kHz and no electrode-mismatch was 
observed, refer to Figure 8. This is indicative of the e-textile 
electrodes working with the SFB7. Therefore, a frequency 
range of 3-1000 kHz was able to be used for further analysis.  

3.3.2 Evaluation of Z and R. Figure 9a-d present the trend 
for Z and R associated with the Ag/AgCl and e-textile 
electrodes over two days. Z and R were relatively identical for 
both electrode types across all the samples. For the Ag/AgCl 
electrodes a ratio difference at each measurement point was as 
low as 0.1% while for the e-textile electrodes, it was slightly 
greater with a difference between Z and R of about 0.4%. This 
variation between Z and R was negligible; thus, Z and R were 
presented on the same plot. The exponential decrease that was 
observed in Part A was also demonstrated in Part B. This 
exponential decrease over time has been associated to the 
electrode-skin impedance (Zes) [100]. 

 

 

 



 
Figure 7. 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. 

 



 

Figure 8. Cole plot for e-textile electrodes as presented by SFB7. 

 

Regarding absolute values of Z, there is a difference across 
the samples; yet, the rate of change is identical. For the 
discrete frequency of 50 kHz commonly associated with BIA 
measurements [101], on day 1, time 0 the 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 110 Ω at 50 kHz, 
respectively. These values are with the compression sleeve 
and it is important to note that the pressure from the sleeves 
may cause a reduction in Z [102]. However, the compression 
sleeve was applied to all the samples in order to maintain 
consistency; the influence of pressure due to the compression 
sleeve is outside the scope of this study. This variance of Z 
across samples is also observed in human beings. It has been 
suggested that Z is dependent on the subject and is influenced 
by skin properties, such as skin thickness, skin moisture and 
hair in addition to the underlying soft biotissue (i.e. muscle 
and fat). For samples S1-S3 measured with Ag/AgCl 
electrodes, there is a 42% difference from the samples with the 
lowest and greatest Z values. This range is comparable to Z 
measurements in vivo from a wide range of subjects [74]. The 
Z of the samples measured with the e-textile electrodes 
showed a range of 25%. There is a possibility that the 
repeatability and quality measurement of the e-textile 
electrodes is higher than the conventional Ag/AgCl; however, 
this requires further analysis and is outside the scope of this 
paper. The variance in absolute values had no influence on the 
observed trend relative to time. These trends were identical 

across all samples for the frequency sweep, and discrete 
frequencies associated with Ag/AgCl and the e-textile 
electrodes, refer to Figures 9, 10 and 11 for the sweep and 
discrete frequencies 5 and 50 kHz respectively. Thus, this 
indicates that the performance of the e-textile electrodes is 
comparable to the Ag/AgCl. This is true regardless of whether 
a frequency sweep or the discrete frequencies of 5 and 50 kHz 
is adapted for analysis. Day 2 showed that by washing the e-
textile electrodes, their performance was not compromised, 
refer to Figure 9c-d, 10c-d and 11c-d. 

From this analysis, it is also clear that R is the principle 
factor of Z for both type of electrodes on necrotic tissue. Thus, 
it is safe to assume that the polarization impedance of the e-
textile electrodes where XC was the dominant factor had no 
influence on Z. A decrease of about 6-7% on day 1 and 16-
17% on day 2 was observed over the 60-minute period across 
the samples for both types of electrodes. By applying 
exponential regression to the plots, the equations associated 
with the samples measured using the Ag/AgCl and e-textile 
electrodes were comparable with a strong correlation. 
Analysing the measurements over the two-day period and 
across the frequency sweep and discrete frequencies of 5 and 
50 kHz, a strong correlation was observed. R2 relating to S1-
S3 ranged from 0.87-0.98 while for S4-S6 ranged from 0.82-
0.99, refer to Table 1 in Appendix II. 

 
 



 

 
Figure 9. Z and R ratio relative to time at 3-1000 kHz sweep for electrodes: (a) Ag/AgCl day 1 and (b) day 2; (c) e-textiles day 
1 and (d) day 2. 
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Figure 10. Z and R ratio relative to time at 5 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2; (c) e-textiles day 1 and (d) 
day 2. 
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Figure 11. Z and R ratio relative to time at 50 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2; (c) e-textiles day 1 and (d) 
day 2. 

 

3.3.3 Evaluation of XC. At 50 kHz (refer to Figure 14), on 
day 1 and at time 0 (i.e. initial measurement), the absolute 
values for XC using the Ag/AgCl electrodes on S1, S2 and S3 
were: 35, 30 and 25 Ω respectively; these values are equivalent 
to a capacitance of about 90, 105 and 125 nF. The XC for 
samples S4, S5 and S6 using the e-textiles were: 9, 30 and 28 
Ω respectively with equivalent capacitance values of 350, 105 
and 115 nF.  

Referring to Figure 12a, the frequency sweep analysed for 
the Ag/AgCl electrodes demonstrates a gradual exponential 
decrease on day 1 where R2 > 0.85 (refer to Table 2, Appendix 
II). However, this is not demonstrated by samples S1 and S3 
on day 2 where R2 = 0.33, refer to Figure 12b and Table 2 
Appendix II. For the discrete frequencies, 5 and 50 kHz there 
was no apparent exponential decrease on day 1, refer to Figure 
13a and 14a. However, applying a regression, at 50 kHz there 
was a similarity in trend equations comparable to the 
frequency sweep where R2 > 0.72. At 5 kHz, the trend 

equations were comparable to the frequency sweep and 50 
kHz; however, for S1 and S2 R2 was as low as 0.21 and 0.14 
respectively. A decrease was observed on day 2 for 5 kHz 
across all samples (i.e. S1-S3) where R2 > 0.96. At 50 kHz this 
was only observed for one sample S3 and R2 = 0.97, refer to 
Figure 13b and 14b. However, a weak correlation was 
observed for S1 and S2 where R2 < 0.14. Therefore, an 
inconsistency was observed for XC associated with Ag/AgCl 
electrodes across the replicates on the two days.  

The e-textile electrodes clearly do not display a trend, 
where a scattering of XC is evident relative to time. This is 
demonstrated on all samples S4-S5 on both days. This 
scattering occurs with the frequency sweep and for the discrete 
frequencies 5 and 50 kHz, refer to figure 12c-d, 13c-d and 14c-
d. However, S5 presented a moderate to strong correlation 
where R2 > 0.70 across the two days for the various frequency 
settings. Thus, an inconsistency across the samples and 
frequency settings was also observed for the e-textile 
electrodes. Referring to Figure 8 in the Cole plot section, a 
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symmetrical Cole plot was observed for all measurements; 
thus, this scattering cannot be associated to a Zes mismatch.  

Despite the Ag/AgCl electrodes not demonstrating a 
consistent trend, XC was significantly impacted for samples 
S4-S5 measured using the e-textile electrodes. This 
inconsistency with the Ag/AgCl and scattering associated with 
the e-textile electrodes could potentially be associated with 
unwanted noise. It is expected for this noise to have a greater 

impact on the e-textile electrodes given that the contact 
interface of the e-textile electrodes is highly conductive. This 
could also vary between samples due to the tolerance 
associated with the fabrication process of the e-textile 
electrodes [58]. It is also important to note that this scattering 
occurs on day 1 and day 2; hence, it is indicative of the e-
textile electrodes not being affected by washing them. 

 

 
Figure 12. XC ratio relative to time at 3-1000 kHz sweep for electrodes: (a) Ag/AgCl day 1 and (b) day 2; (c) e-textiles day 1 
and (d) day 2. 
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Figure 13. XC ratio relative to time at 5 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2; (c) e-textiles day 1 and (d) day 2. 
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Figure 14. XC ratio relative to time at 50 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2; (c) e-textiles day 1 and (d) day 
2. 

 

3.3.4 Evaluation of φ. Referring to Figure 15a-b, the 
frequency sweep demonstrates a consistent trend for φ 
associated with the Ag/AgCl electrodes. However, for the 
discrete frequency at 5 kHz (Figure 16a-b) there is a slight 
deviation from the 100% line over the two days. An increase 
in φ over time is observed on day 1 while on day 2 a decrease 
was noticed. At 50 kHz, day 1 showed stability in φ, while day 
2 S2 deviated, refer to Figure 15a-b. Thus, indicating there is 
a chance of instability adapting φ as a parameter with Ag/AgCl 
electrodes. Testing the e-textile electrodes was indicative of 
unstable measurements. Referring to the frequency sweep on 
day 1, (Figure 15c) all samples (S4-S6) deviated from the 
100% line. While day 2, S5 and S6 indicated stability 
comparable to the Ag/AgCl electrodes; however, S4 
demonstrated deviation over time from the 100% line (refer to 
Figure 15d). By observing the trends associated to φ across the 

samples and frequency settings, an inconsistency in R2 was 
also observed, refer to table 3, Appendix II.  

At 5 kHz (Figure 16c-d) the e-textile electrodes 
demonstrated significant scattering and no discernible trend 
was observed. Thus, no comparison can be deduced for the 
two types of electrodes over the two days. However, at 50 kHz 
only S5 demonstrated stability over the two days and S6 on 
day 2, Figure 17c-d. Although great variances were observed 
in R2 associated to the regression trends. Due to the 
inconsistency over the two days across the S4-S6, it is safe to 
assume that washing the e-textile electrodes did not 
compromise their performance. Given the inconsistency 
across the BUS samples using Ag/AgCl and e-textile electrode 
at the discrete frequencies of 5 and 50 kHz, it is possible that 
this was influenced by any noise present in XC. This noise is 
expected to have a greater influence on the e-textile electrodes, 
refer to figures 15c-d, 16c-d and 17c-d. Thus, no comparison 
can be made between the Ag/AgCl and e-textile electrodes. 



 
Figure 15. φ ratio relative to time at 3-1000 kHz sweep for electrodes: (a) Ag/AgCl day 1 and (b) day 2; (c) e-textiles day 1 
and (d) day 2. 
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Figure 16. φ ratio relative to time at 5 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2; (c) e-textiles day 1 and (d) day 2. 
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Figure 17. φ ratio relative to time at 50 kHz for electrodes: (a) Ag/AgCl day 1 and (b) day 2; (c) e-textiles day 1 and (d) day 2. 
 

 

3.3.5 Evaluation of R0 and Rinf. For the parameters R0 and 
Rinf, a gradual decrease was observed with the samples 
measured using the Ag/AgCl electrodes, refer to Figure 18a-b 
and 19a-b. By observing the exponential trend, a strong 
correlation was observed where R2 > 0.85. However, the e-
textile electrodes demonstrated scattering relative to time on 
day 1 (refer to Figure 18c). On day 2, a defined decrease 
relative to time was not clearly observed. However, the results 
were slightly improved from day 1 (Figure 18d). This was also 
observed in the exponential trend correlation coefficient 
where on day 1, R2 ranged between 0.47 – 0.62 and on day 2 

R2 was between 0.42 – 0.81 across the samples, refer to Table 
4, Appendix II. Rinf clearly demonstrates a decrease relative to 
time (Figure 19c-d) which can be compared to the Ag/AgCl 
electrodes. A strong correlation was observed across all 
samples where R2 > 0.88, refer to Table 5, Appendix II. The 
parameters R0 and Rinf are determined based on the Cole model 
adapted to plot an ideal contour to the measurements across 
the frequency sweep. The significant scattering of XC relative 
to time prevalent to the e-textile electrodes would have 
influenced the Cole model, this potentially impacted the 
algorithms computing R0 and Rinf associated with the model. 
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Figure 18. R0 ratio relative to time at 3-1000 kHz sweep for electrodes: (a) Ag/AgCl day 1 and (b) day 2; (c) e-textiles day 1 
and (d) day 2. 
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Figure 19. Rinf ratio relative to time at 3-1000 kHz sweep for electrodes: (a) Ag/AgCl day 1, (b) day 2; (c) e-textiles day 1, (d) 
day 2. 

 

4. Discussion  

This study was based on current methodologies adapted to 
measuring wounds using BIA. Pork belly was selected as a 
BUS to test the e-textile electrodes.  

The advantage of pork belly in this study is that is necrotic 
and there are no biosignals that could potentially influence 
measurements. However, given that it is meat and testing is 
conducted in ambient room temperature it has its limitations, 
specifically time where bacterial growth can spoil the meat 
[103] thus influencing its electrical properties. The 
preliminary study conducted in Part B was to determine the 
trend against time in order to identify its behaviour over time 
and adjust this variable accordingly in Part C. Measurements 
were taken by setting up the electrodes in a local configuration 
using the SFB7. Kenworthy et al. indicates that a local 
configuration using the SFB7 can be adapted if strict electrode 
placement protocols are followed for consistency in 
measurements despite if the devices is designed for whole 
body configuration [70]. 

The voltage sensor electrodes were positioned adjacent to 
an open excision relative to the size of the measured wounds, 
with a 1 cm distance between the injecting electrodes. For the 
BUS sample measurements with a frequency sweep (3-1000 
kHz) and the discrete frequencies 5 and 50 kHz, an identical 
trend was observed for the BIA parameters Z and R. This was 
demonstrated over two days indicating that by washing the e-
textile electrodes, the performance was not compromised. The 
observed exponential decrease relative to time could 
potentially be related to decrease associated with necrosis or 
the water loss from the raw pork [104–107]. Although, some 
research suggests that an exponential decrease is demonstrated 
in-vivo before setting over a continuous time period [100,108–
110]. However, this study focuses on identifying the use of e-
textile electrodes for BIA measurements and the exponential 
decrease of Z is outside of this research.  

Research into incorporating dry electrodes for wearable 
systems report a significantly greater skin-electrode 
impedance [111] compared to common clinical electrodes 
associated to systems at significantly lower frequencies. 
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Although our study does adapt the e-textile electrodes for 
larger frequencies, an important aspect is the approach of 
applying the e-textile electrodes to minimise any error. For 
example, this could be due to the method used in attaching the 
dry electrodes to the skin. Given that the e-textile electrodes 
do not have an adhesive layer, this potentially can give rise to 
an air gap between the electrodes and skin thus increasing Z. 
By using the heavy weight crepe bandage in the form of a 
compression sleeve for the two types of electrodes (i.e. the 
Ag/AgCl and e-textiles), a relatively controlled pressure was 
applied and the measured impedance values for the e-textile 
electrodes were of the same magnitude to the Ag/AgCl 
electrodes. Applying a pressure to electrodes measuring 
biosignals has demonstrated to improve the performance of 
wet and dry electrodes [100].  

However, a comparison was not observed between the 
Ag/AgCl and e-textile electrodes for the parameters XC and φ 
for the frequency sweep or discrete frequencies 5 and 50 kHz. 
Although, an identifiable trend was not demonstrated with the 
Ag/AgCl electrodes for XC relative to time, a predominant 
scattering was observed for the e-textile electrodes. Given that 
the Cole model is dependent on R and XC, it is expected that 
this scattering in XC influences the parameters R0 and Rinf. R0 
was shown to decrease relative to time for the Ag/AgCl 
electrodes; however, this was not true for the BUS samples 
measured using the e-textile electrodes. Contrarily, Rinf did 
display a decrease for the types of electrodes (i.e. Ag/AgCl 
and e-textile electrodes); however, the rate of decrease slightly 
varied. This could also be dependent upon the BUS samples 
and not directly related to the electrodes. Although, given that 
R was comparable between the two types of electrodes in the 
frequency sweep, it is most likely influenced by the 
irregularity associated with XC.  

Regarding the irregular performance of the e-textile 
electrodes when measuring φ, this could also be closely 
associated to the noise impacting XC. Research into φ using 
standard Ag/AgCl electrodes suggest that φ cannot be 
associated to the Cole model due to the anisotropic nature of 
skin [112]. This was also demonstrated at the discrete 
frequencies of 5 and 50 kHz. It is safe to assume that XC was 
influenced by external noise. Although a tetrapolar 
configuration is preferred to reduce interferences [113], recent 
research suggests that a tetrapolar configuration is also 
susceptible to noise [98]. This noise could potentially be 
associated to the electrode-skin interface. However, this was 
not evident in the signal given that the actual measurements 
defined and adapted for the algorithm of the Cole plots across 
all measurements did not indicate any interference.  

E-textile electrodes have capacitance properties contrary to 
Ag/AgCl electrodes [97]. For the frequencies adapted in BIA 
(i.e. ranging between 3-1000 kHz inclusive of the discrete 
frequencies), the absolute values for XC are relatively small 
compared to R. This can be observed by the direct relation of 

Z and R. The equivalent capacitor values measured at 50 kHz, 
indicated a coupling capacitance of magnitude in the μF range. 
Therefore, from this it is safe to assume that it is more 
susceptible to noise. This can also be said for the Ag/AgCl 
electrodes in-vivo [114]. In ECG measurements in-vivo, it has 
been shown that the capacitance properties of the skin-
electrode impedance is inconsistent contrary to its resistive 
properties [115].  

In addition to the equipment, there is also the microclimate 
of the electrodes that can influence their performance. For 
example, given that the electrodes are secured with a 
compression sleeve, this microclimate formed by the sleeve 
can influence the performance of the Ag/AgCl and e-textile 
electrodes [116]. This microclimate can potentially be 
unstable relative to time thus impacting XC. This can be related 
to the influence of the relative humidity [117]. Our previous 
research indicated that the relative humidity was associated to 
a change in the polarization impedance of e-textile electrodes 
[58,87]. However, given that the Ag/AgCl electrodes are 
considered ideally non-polarized, it is safe to assume that they 
are less susceptible to changes in relative humidity.  

Another impacting factor could be associated with the 
electrode-skin interface. This could be due to lipids of skin or 
the inhomogeneity of both the skin and electrode surface. 
Research suggests that certain lipid bilayers found on the 
surface of the skin have capacitance properties causing a 
barrier against the penetration of charge [112]. Given that the 
Ag/AgCl electrodes possess an electrolyte gel layer enhancing 
the redox reaction, this could assist in counteracting the lipid 
bilayers allowing easier penetration of the charge in 
comparison to the e-textile electrodes. Another concern with 
the electrode-skin contact is the nature of the conductive 
interface surface of the e-textile electrodes [118]. Given that it 
has a rougher surface in comparison to the Ag/AgCl adhesive 
surface, this could cause a non-uniform charge density on the 
surface. This, in addition to the non-uniform nature of skin due 
to its sulci, could result in a loss of charge between the 
electrode-skin interface. This may have less impact on the 
Ag/AgCl electrodes due to its adhesive layer reducing any air 
gaps thus improving the charge penetration. Improvement of 
Zes could be expected when using e-textile electrodes on living 
skin, due to perspiration which will fill the air gaps at the 
electrode-skin interface.  

Our study demonstrates that e-textile electrodes can be 
adapted to measure Z and R associated with BIA to monitor 
wound healing in a local tetrapolar configuration. It is also 
shown that by washing the e-textile electrodes, their efficacy 
was not compromised. Their trend relative to time is 
comparable to common clinical Ag/AgCl electrodes. 
However, it is important to take into consideration that they 
are not as reliable as Ag/AgCl when measuring XC and φ. This 
is demonstrated for a frequency sweep of 3-1000 kHz and the 
discrete frequencies 5 and 50 kHz common in BIA 
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measurements. The e-textile electrodes were also found to not 
be as reliable as the Ag/AgCl electrodes when measuring R0; 
however, they did indicate a decrease relative to time for Rinf 
as demonstrated by the Ag/AgCl electrodes. To adapt e-textile 
electrodes for BIA systems to improve their efficacy in 
measuring XC, φ and R0, additional front-end hardware can be 
designed and adapted reducing any potential noise. 

5. Conclusion 

Research in monitoring wounds adapting BIA systems that 
use a frequency sweep or discrete frequency focus on trends 
associated to the parameters Z, R, XC, φ, R0 and Rinf. These 
studies are based on static measurements on a day to day basis. 
By adapting e-textile electrodes to monitor wounds, dynamic 
long-term monitoring of wounds can be studied without the 
need of replacing Ag/AgCl electrodes due to degradation. 
Research that dynamically monitors a wound has yet to be 
conducted. The degradation of wet electrodes would require a 
regular change of electrodes; therefore, this could have an 
influence on the results. The performance of the e-textile 
electrodes ex-vivo indicate that they are comparable to 
Ag/AgCl when measuring Z and R over a 60-minute period. 
Future research into the efficacy of e-textile electrodes for 
BIA applications measuring Z can be conducted in-vivo and 
compared to Ag/AgCl on undamaged skin. Moreover, with the 
development a wearable system that adapts dynamic 
monitoring functionality while incorporating a calibrating 
system for e-textile electrodes, continuous monitoring of 
wounds relative to time can be measured. This can provide 
further insight into the wound healing process through 
measuring Z while any complications to the wound can be 
determined at an early stage. By determining the onset of any 
complications in the wound healing process early, appropriate 
treatment can be administered thus reducing the risk of the 
patient suffering from infections that can potentially lead to 
amputation. 
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