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31 Abstract
32 Bioelectrical Impedance Analysis (BIA) is an established method for.assessing integrity of
33 biotissue. Adapting BIA as a diagnostic tool to monitor electrophysiological activity gives
34 rise to evidence-based objective diagnostic approaches as‘opposed to visual assessment
35 currently performed by practitioners in wound healing' management. Advancements in the
36 telecommunication and textile industries have made the Internet of Wearable Things (IoWT),
37 the future of telemedicine. E-textile electrodes give us the ability for long-term monitoring
38 applications; however, they are associated with'electrode polarization impedance (Z;)
39 contributing to the electrode-skin impedance (Zes). By studying the design of e-textile
40 electrodes, we can reduce Z, and characterise jt\relative to changes in skin properties, such as
H skin temperature and perspiration. In this study, we examined the effects of selected textile
42 substrates on changes in Z, of e-textile electrodes; and characterized Z, in a climatic chamber
43 with temperature and relative humidity settings emulating skin temperature and perspiration.
44 : o L
45 An glr permeability test was also.conducted to account for the physiological comfort_ o_f the e-
46 textile e_Iectrode_s. Our results demenstrate thgt a polyester non-woven feIF subs_trate is ideal
47 for use in e-textile electrodes. By understanding and quantifying the relationship between Z,,
48 skin temperature and perspiration, this insight can be incorporated into the calibration process
49 of BIA systems for accuraterlong=term‘'monitoring resulting in an objective assessment of
50 changes in tissue integrity.
g; Keywords: electronicitextile (e-textile) electrodes, bioelectrical impedance analysis, polarization impedance, electrode test
53 setup, wearable electrodesqbiopotential electrodes
54
55
56
57 Research into adapting Bioelectrical Impedance Analysis
58 1. Introduction (BIA) to monitor electrophysiological activities as a
59 diagnostic tool [1-14] offers opportunities to reduce costs and
60 improve efficiency in the health system while improving the
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quality of life for patients. By adapting this technology to
patients’ monitoring in home settings, the length of hospital
stays, number of hospital readmissions and visits to
emergency departments can be reduced [15]. Nowadays the
advancement of the internet has led to the birth of Internet of
Things (1oT) advancing telemedicine. In conjunction to this
technology, the emergence of conductive yarns has evolved
the fabrication process of e-textiles, thus providing an
opportunity for replacing current clinical electrodes and
introducing a new era of Internet of Wearable Things (IoWT).

E-textile electrodes are the most convenient form of dry
electrodes enabling long-term monitoring of patients’
electrophysiological activity. Its simple fabrication process
provides versatility which allows development of customised
e-textile electrodes for medical applications specific to a
patient’s ailment [16-19]. Up-to-date, research into e-textile
electrodes has been adapted for measuring: (i) ECG, (ii) EEG
and EMG signals at low frequencies ranging between (i) 0.5
Hz to 100 Hz, (ii) 0.5 to 42 Hz and (iii) 20 to 500 Hz [18-34].
However, e-textile electrodes are associated with electrode
polarization, Z, resulting in signal attenuation and distortion.
For a clear and concise biosignal reading, it is important for e-
textile electrodes to have a low Z;, [35].

Our previous study [35] demonstrated the influence of
embroidery characteristics on Z, for single frequency BIA
(sfBIA), at the predefined frequency of 50 kHz. By adapting
an electrode wafer experimental methodology to isolate Z, we
showed that increasing the surface area of e-textile electrodes
results in the reduction of Z,, which was also influenced by the
embroidery characteristics, such as stitch type, length and
spacing (stitch density). However, e-textile electrodes come
into direct contact with the human skin. Therefore, the design
necessitates consideration of variances in sskin conditions,
such as skin temperature and perspiration relative to the skin
and electrode contact area. This, in addition toZ;, gives rise to
an electrical impedance between the skin and electrode,
namely the electrode-skin impedance (Zes)»[36-39]. By
adapting BIA as a diagnostic tool connected to coupled e-
textile electrodes, Zes contributes to the measured impedance
(Zm) of the biotissue under study/(BUS), where Z, by the
system is represented below:

Zm = ZBUS +Z€S +N,thUSZBU5 ~ Zm _Zes —N

where Zy, is the measurediimpedance by the BIA system, Zgus
is the impedance of the biotissue under.study (BUS), Z is the
electrode-skin impedance/and N/refers'to all other potential
noise, such as motion and pressure artefacts [40-43]. For the
purpose of this study, we, are focusing on Z, of e-textile
electrodes as a standalone parameter.

It is known that Zgg'is an ongoing and major issue in
measuring electrophysiological activity of biotissues. Clinical
wet electrodes, Ag/AgCl, are manufactured with an electrolyte

‘gel’ layer forming an ideal non-polarized electrode [44]
contrary to e-textile electrodes. Thus, they are distinguished
for their low Ze. However, the main issue pertaining to wet
electrodes is the dehydration of the ‘gel’#rlayer and
adhesiveness resulting in: (i) varied Z,n, making itdifficult to
deduce Zgus; and (ii) a greater probability .of Zes mismatch,
which can cause excessive powerline interference
contributing to N [45]. Wet electrodes are'limited in enabling
control of monitoring changes in‘skin properties.over a long-
term period. These issues, however, can be addressed by
adopting e-textiles with low Z, and deducing,the influence of
skin properties, i.e. perspiration‘and.temperature, for accurate
and consistent measurements.” Also, by selecting an
appropriate substrate in the' design process, we can fabricate
an e-textile with a reduced.Zpin conjunction with a relatively
close to ‘zero-slope’ dinear regression of Z, correlating to
changes in skin properties. Evaluating the effects of
perspiration and skin,temperature on changes in Z, can assist
in further understanding of Zes that can assist in extracting Zgus
from Z,

1.1 Physiological influences from skin

The“temperature “of the skin not only varies with the
environmentaltemperature or with the body core temperature
but also’ with.-€onditions in the skin and its underlying
structure. This is the reason for variances in skin temperature
in differentregions of the human body. Skin temperature is
expected to be lower over (i) protruding parts, such as nose,
ears, fingers and toes; (ii) bone or tendons; (iii) over veins; or
(iv) organs at rest. It is higher over muscles, arteries and active
organs [46]. In addition, medical conditions of a patient can
cause a disruption to regular bodily structure and function
which can increase or decrease the skin temperature. To defeat
infectious agents such as viruses and bacteria, the body’s
immune response increases the body’s temperature [47]. This
increases the skin temperature and the body produces sweat to
cool the body down in order to maintain its
thermophysiological ~ temperature.  Moreover,  surgical
procedures can also decrease the body’s temperature [48].

Of particular relevance to this study is the
thermophysiological skin temperature. Interestingly, research
into determining a threshold for the thermophysiological skin
temperature is uncertain. Bierman in 1936 [46] suggested skin
temperature varies between 33.5 and 36.9°C. More recent
studies indicate that the skin temperature can vary between
30°C-34°C [49-51]. A study by Mole et al. relates the relative
humidity (RH) to skin wetness correlating the wetness of the
skin to an increase in RH over 40% RH between the
temperature range of 30°C-34°C [52]. Hence, these boundary
conditions must be considered in characterizing Z, of e-textile
electrodes relative to the influence of skin changes. In
addition, the microclimate between the skin and the e-textile
electrode can influence the skin temperature. By studying the
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breathability, an e-textile electrode with low air permeability
increases the skin temperature resulting in perspiration [53]
(Appendix I). Therefore, it is important to consider an e-textile
electrode possessing the largest air permeability to assist in the
thermoregulation of the skin.

In this study, we consider the physiological influences
stemming from skin temperature and perspiration on e-
textiles. By adapting current knowledge of these parameters,
we formed a methodological protocol to characterize Z, of
various e-textile electrodes. Initial tests were conducted in an
ambient environment before testing the electrodes in a
climatic chamber, where the temperature and RH were used to
emulate human skin temperature and perspiration. To evaluate
the selected substrates and thus, identify the substrate suitable
for BIA analysis, the air permeability was also tested across
all fabricated e-textile electrodes.

2. Methods

The fabrication of efficient e-textile electrodes requires
selection of appropriate materials, such as conductive yarn and
substrate. However, skin temperature affects the temperature
of the e-textile electrode, while perspiration results in an
increase of the textile moisture content impacting Z,. This
affects the performance of the e-textile electrodes (Fig. 1b)
resulting in unstable diagnostic measurements. Therefore,
suitability of common commercial textile materials of various
structures as substrates (S1: cotton plain weave, S2: cotton
poplin, S3: cotton velvet and S4: polyester non-woven felt) for
e-electrodes was evaluated. By tailoring these e-textile
electrodes, we can develop a BIA-based diagnosticrteol for
long-term monitoring of the electrophysiological activity of a
patient as shown in Fig. 1.

2.1 E-textile electrode fabrication

Table 1 shows the textile substrates with the pertinent
characteristics including: (i) the composition of the textile, (ii)
its structure, (iii) weight in grams per square rorher (g/m?) and
(iv) relative permittivity (&r). The relative permittivity for the
textile substrates was measured, using a split pest dielectric
resonator (QWED, Warszawa, Poland), a brief explanation of
relative permittivity can be found innAppendix I. These
characteristics are a guideline™ to, understanding the
fundemental differences in'the selected substrates relative to
one another. To distinguish- the, structure of the substrates
Scanning Electron Microscopy (SEM) was used, with the
SEM images shown in Figure 2 ((for a'standard photo of the
studied substratesarefer to, Figure S1 in Appendix I). The
purpose of this study is tosdentify a substrate suitable for e-
textile electrodes based on Z,. Please note, the correlation of
Z, on the characteristics:of the textile substrates is outside the
scope of this study.

Author et al
Diagnostic Tool
|
ﬂABRICATION OF E-TEXTILE (m
conmuerve | | oL
r————t E-TEXTILE ELECTRODE & BASYSTEM

(4)

Physiological
Influences
a. Skin temperature
b. Perspiration

(3)
Measurements
a. Electrophysiological
activity

Physiglogical Influences

(4)

a, Skin temperature

b. Perspiration
30-34°C

40-90 % RH

q 1 |
(. E-TEXTILE ELECTRODE o -==d

(b)

Figure 1. Diagram showing connection between diagnostic
tool and its constitutive components and patient: (a)
connection between diagnostic tool and patient, (b)
physiological influences on e-textile electrodes.

Figure 2. SEM images of substrates: (a) S1 (b) S2 (c) S3
and (d) S4.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MST-109706.R3

Journal XX (XXXX) XXXXXX

Author et al

Table 1. Textile substrates used for e-textile electrodes.

S1 for set of e-textile S2 for set of e-textile S3 for set of e-textile S4 for set of e-textile

electrodes 1 - E1

electrodes 2 — E2

electrodes 3 — E3 electrodes 4 — E4

Description Cotton Plain Weave Cotton Poplin
Composition Co 100% Co 100%
Structure Plain Weave Poplin
Weight (g/m?) 200 100
Thickness 0.65 0.4

(mm)

&r 1.12 1.14

Cotton Velvet Polyester Non-Woven
Felt

Co 100% PES 100%

Velvet Non Woven

300 200

1 15

1.33 1.20

To fabricate the e-textile electrodes, we adapted the
embroidery methodology reported in our previous study
[35]. Shieldex Conductive Yarn - Silver Plated Nylon
(Ag/PA66) 2x117/17 dtex (Shieldex U.S., Palmyra, NY,
United States) was the conductive material possessing a
linear resistance of about 1,500 Q/m. This was matched
with a non-conductive 100% polyester (PES) thread based
on relatively similar linear densities (specifically 29.5 and
39.8 tex) for the bobbin and needle thread, respectively
(refer to Appendix | for textile units). To enable probes to
connect to the e-textile electrodes, snap-fasteners were
mechanically attached. The e-textile electrodes were
designed on the EasyDesign EX software connected to the
Singer Futura XL-550 embroidery machine. In our
previous study we compared the influence of various
embroidery characteristics on a single substrate. We
identified that the e-textile electrodes measuring 40 x 33
mm with a stitch spacing (defined as density on the
EasyDesign EX software) of 0.4 mm and a stitch length.of
7 mm resulted in the lowest Z, [35]. When measuring.Zp
of the e-textile samples, the electrode is considered as a
whole and the yarn is directly attached to the/substrate. The
density of the stitch selected from our previous study is
indicative of a stable embroidered surface of the e-textile
electrodes approximating an ideal homogeneous metallic
electrode. A stable stitch density has been proven to be
important in more restrictive electronic systems.such as
antennas where lossses and imperfectionsiare extremelly
critical as they operate at significantly higher.frequencies
than in our case [54-56]. Therefore, these variables were
adapted for the embroidery process on the various
substrates used in this study. Figure 3'presents the e-textile
electrodes fabricated using the selected substrates depicted
in Table 1. The sizesand shapeof the e-textiles was
controlled with the EasyDesign EX software. To fabricate
the e-electrodes to_required dimensions, initial samples
were designed awvith theexpected dimensions and by
measuring the actual embroiered samples, we modified the
dimensions on.the seftware accordingly. This allowed us to
resolve the small “tolerance error associated with
embroidery. machines [57]. The samples of each set were
weighed and the length was calculate using the textile units

© " d)
Figure 3. E-textile electrodes on various substrates: (i)
cotton plain weave (E1), (ii) cotton poplin (E2), (iii) cotton
velvet (E3) and (d) polyester non-woven felt (E4).

units formula (refer to Appendix 1). The length of the
threads for each sample set were relatively close to the first
decimal place, where: E1, 7.9 m; E2, 7.3 m; E3 7.7 m and
E4: 7.6 m. This slight variance can be associated with the
differences in structure and thickness of the substrate.
Provided the embroidery settings are consistent across all
samples, the main difference between the e-textile
electrodes is due to the substrate, considering the electrode
as a whole. Therefore, any differences between the sample
sets due to the amount of conductive thread or the threads
contact with the substrate is related to the substrate itself.
This could be due to the thickness or the surface roughness
of the substrate. Thus, a selection of the substrate is made
based on the results of its efficiency as an e-textile
electrode.

2.2 Experimental Setup

We adapted the triple-layer wafer testing method from
our previous study [35] to identify Z, of the various e-
textile electrodes. Two identical electrodes were
sandwiched together, one positioned on the top and the
other on the bottom with the conductive sides interfacing
an interposed polyester swatch (measuring 45 x 40 mm),
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acting as an insulator to avoid a short circuit from the
electrode snaps, refer to Fig. 4. Polyester is impervious to
water and does not absorb humidity; therefore, this textile
is ideal as a dielectric material due to its consistent
electrical impedance over time, since moisture does not
change & for hydrophobic fabrics.

Tests were conducted using a bipolar electrode setup,
with two leads connecting to a voltage driven HM8118
LCR Bridge/Meter (Rohde & Schwarz, Munich, Germany
— accuracy: 0.05%) set at a frequency of 50 kHz. The
electrodes were stabilised at each corner with non-
conductive wooden craft pegs. They were carefully
positioned at the outer-edge of the electrode (coming into
contact with its substrate) avoiding any pressure
distribution across the actual electrode surface which can
impact the measurements as described in our previous
study [35].

This setup was adapted with the electrodes placed in the
climatic chamber by passing the leads connected to the
LCR bridge through the aperture of the climatic chamber
that was closed with a rubber plug as a seal. The non-
conductive wooden craft pegs rested on the grill of the
climatic chamber maintaing the e-textile electrodes at a
distance from the grill avoiding any electrical interference.
We used this equipment to measure the resistance (R) and
reactance (Xc) of the material and then calculated Z, of the
e-textile using the following equation:

|Zp| = VR? + X¢?, 1)
1

2nfc’ (2)

For the remainder of the manuscript, we have used Z,, @s

the modulus for simplicity. This study isnbased on a
preceding investigation of the properties “of textiles

where X, =

demonstrating a small variation of resistance from one
sample set to another using the same textile substrate which
indicated that textiles have a reasonably well-defined
resistivity [58]. The measurements were «conducted as a
continuous function of time, referred to as. dynamic
measurements, where Z, remained consistent,over a.three
minute period. Thus, the use of standard/deviationand error
bars are not essential for these 4measurements [35].
Therefore, in this study, the e-textile ‘electrodes were
evaluated using the identical methadelogy, the first set of
tests was conducted at a room temperature, of 25°C.

To study the influence of ‘temperature and moisture on
Z, of the e-textile electrodes, we placed the electrodes in a
CCK-25/48 climatic chamber (Dycometal, Spain). The
temperatures tested ranged.from 30 to 34°C, and for each
temperature setting/we increased RH from 40 to 90% at
10% intervals emulating skin properties, refer to Figure 4
(with referencete_Section 1.1 and Fig. 1). By using a
climatic chamber, the,skin'wetness boundaries defined by
Mole et al.{52] is transposed to moisture content of the e-
textile electrodes:, The/samples were placed in the climatic
chamber fora'set temperature and the RH set and the LCR
bridge' monitored»Z, for a duration of three minutes.
Following, this period, the RH was increased by 10%.
During “the ’transient periods before executing the
experiments for the new temperature setting, the electrodes
were taken out of the climatic chamber and let to dry. Air
permeability of the electrodes tests were conducted using
PROWHITE AIRTEST Il (PROWHITE, Istanbul, Turkey)
set'at 200 Pa. We initially measured the air permeability of
the various substrates before measuring the air
permeability of the e-textile electrodes [59] fabricated with
these different substrates.

[48-51) [52]

Define skin temperature boundaries :> Correlation of RH to skin wetness

Temperatdre
undaries(T)

Climatic chamber settings
T30 - 34 °C, RH: 40 - 90 %

|
RH boundaries _| Polyester Non-Woven
" | Felt (Insulator)

Electrode Substrate Layer
Non-Conductive Thread Layer

Conductive Thread Layer

Climatic Chamber
T:30°-34°C
RH: 40-90 %

Top

H8118LCR Bridge
Output
R X4 Input
f=50kHz,
V=2V I=5-8uA
—

[ ] |Electrode
X _IBottom

Lead Connections to H8118

Electrode
Ball of Snap Fastener

Figure 4. Experimental setup emulating skin temperature and perspiration by: (a) theoretical correlation of skin parameters
to climatic'chamberand (b) climatic chamber experimental protocol.
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3. Results

3.1 Z, of e-textile electrodes in ambient conditions

By using various textile substrates for the e-textile
electrodes at room temperature, it is expected for Z, to
differ. In fact, due to the electrode capacitor configuration
made with the parallel metallic layers, the difference in
relative permittivity of the various textile substrates
impacted the overall impedance. Z, for the e-textile
electrode sets E1, E2, E3 and E4 were measured producing
269, 284, 258 and 244 kQ respectively.

The polyester non-woven felt e-textile electrode (E4)
demonstrated the lowest Z, contrary to the cotton poplin e-
textile electrode (E2) resulting in a large Z,, with a relative
difference of about 15%. Taking into account the
consistency of Z, in e-textiles [35], this implies that the
polyester non-woven textile is the most suitable as a
substrate for use at room temperature. Further tests were
conducted to identify the impact of temperature and
moisture on Z, for the e-textile electrodes relative to their
substrate.

As can be seen from Fig. 5, there is no direct correlation
between Z, and any of the properties relating to the textile
substrates presented in Table 1. Z, can be influenced by
other textile parameters, i.e. the linear density of the thread
(cotton or polyester thread), the structure of the textile
(plain weave, poplin, velvet or non-woven), or any
finishing done on the textile [60], which are outside of the
scope of this paper.

Polarization Impedance -Z,
290 284

280 -
269

N
]
[=]

258

NN
o D
[=JE-1

244

Impedance (kQ)

N
B
o

230

220 + o —
E1(er=1.12) E2 (er = 1.14) E3(er = 1.33) E4(er=12)
E-Textile Eleetrodes
Figure 5. Z, of e-textile electrodes at,room temperature
with ¢ of su .
25°C presented with ¢, of substrate

3.2 Z, of e-textile electrodes in climatic chamber

Fig. 6 presents presents the influence of temperature and
RH variances on Z,. The obtained results reveal that there
is no direct correlation between Z, and changes in
temperature for any of the e-textile electrodes (forabsolute
values refer to Table S1, Appendix I1). To illustrate further
the behaviour of Z, relative to temperature, we plotted the
change in Z, relative to the individual temperature
increments. Referring to Fig. 740t is evident that the
influence of temperature on Z;, isiinconsistent. Foreach RH,
Z, increases and decreases asithe temperature increases by
1°C. This is true across all RH, settings for each sample set
and across all the sets of samples. However, there are some
instances where there is no change. This is prevelant in
samples E4. Samples’E1 demonstrates the greatest variance
relative to an increase in tem\perature contrary to samples
E2 and E3. Samples E4 indicates relatively larger changes
in Z, close to the boundaries, across all RH. For example,
an increase in temperature, from 30°C-31°C and 33°C-34°C
with the least.changes occurring from 31°C-33°C. It is also
evidentithat RH influences Z,. Table 2 presents the relative
difference between Zytmay and Zpmminy across the
thermophysiological skin temperature boundaries (30°C-
34°C) relating to the individual RH, calculated using
Equation 33 ¥

4z,(%) = “2Ime—pTmin o 109 @3)

p(Tmin)

Itis clear that Z, is impacted by change in RH. Thus, we
also. plotted the change in Z, relative to the 10% RH
increments against the temperature settings, shown in Fig.
8.

It can be seen from Fig. 8 that the increase in RH induces
a greater change in Z, compared to the effect of different
temperatures. However, there is inconsistency across RH
relative to the temperature increments across all samples.
By applying polynomial trendlines on this data, for a
substantial amount of trends R? < 0.5. This is particularly
true of samples E1. Samples E2, E3 and E4 are indicative
of a stronger R? yet fail to satisfy any mathematical relation
across the equations, for example the parabola alternates
between positive and negative, is slightly wide or slightly
narrow; thus, disproving any relation across temperature
(please refer to Table S2, Appendix II). A significant drop
in Z, occurrs at 80-90% RH across samples E1, E2 and E3
while this is also evident in sample E4, it is relatively small
in comparison.
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Table 2. Relative difference of Z, across thermophysiological skin temperature boundaries relative to RH.
40% 50% 60% 70% 80% 90% 40% 50% 60% 70% 80% 90%
El E2
AZy" (%) 7.1 7.6 8.2 8.2 9.9 9.8 2.1 2.1 2.1 2.4 3.8 2.8
E3 E4
42, (%) 2.4 14 14 0.4 2.6 9.0 2.5 2.9 3.3 3.8 5.0 6.5
“Relative difference of Z, across temperature range
El% AZ, relative to temperature against RH E2 % AZ, relative to temperature against:RH
12 12
10 10
8 8
J 6 ¥ 6
R R
4 ) 4
2 . . ’ . ‘ 2 ~ 4
0 0 Y ¢ 1 . s
29 30 31 32 33 34 35 29 30 31 32 33 34 35
Temperature (°C) Temperature (°C)
* 40-50% + 50-60% 60-70% 70-80% 80-90% (a) e 40-50% + 50-60% 60-70% 70-80% 80-90% (b)
E3 % AZ, relative to temperature against RH E4 % AZ relative to temperature against RH
12 12
10 10 ‘
8 8 } 'S
N
g ° =
R 4 4 |
2 2
0 . ] ' . 5 > ° . o o
2 29 30 31 32 33 34 35 29 30 31 32 33 34 35
Temperature (°C) Temperature (°C)
* 40-50% + 50-60% 60-70% 70-80% + 80-90% ® 40-50% + 50-60% 60-70% 70-80%

Figure 8. Change in Z, relative to RH increments.

Summarising these findings, we suggest that the impact
of temperature on Z, is dependent on RH..For example, the
increase in RH significantly affected/Z,, specifically at
90% RH. This implies that Z, depends on both temperature
and RH. However, observing thechanges,in Zj for each
sample set (as shown in Fig. 6),4a correlation can be seen
for individual temperature settings againstRH. It is evident
that by increasing RH the( e-textile electrodes become
wetter and Z, decreases.

As shown in Fig. 8,thée significant-decrease in Z, at 90%
RH occurs across all electrodes. However, this is expected
as at about 80% RH the textile begins to'dampen, meaning
that at 90% RH the moisturercontent has caused sufficient
dampening of the substrate, Z, displays a substantial drop
between 80 and 90% RH, thus we were interested to study
the effect of RH in the range of 40-80% on Z,. For this, we
adapted linear regression to the results presented in Fig 6.
By observingithe slope (m) of the linear regression (y = mx

80-90% (d)

+ ), as shown in Fig 9, relating to the various e-textile
electrode samples (Table 3), it is noticeable that Z, of
samples E3 and E4 are impacted the least by changes in
temperature and RH at 40 - 80%. This is evident by the least
variation in slope across all temperatures.

Provided that both E3 and E4 are the closest to
representing a “zero slope” indicating a small change, E4
is preferred as it generally possesses a lower y intercept.
Thus, we have the advantage of a small change due to skin
temperature and perspiration while maintaining a lower Z,.
This is ideal for electrophysiological measurements as
influences deriving from changes in skin temperature and
humidity variations from perspiration can cause instability
in BIA measurements. In addition, by determining the
influence of temperature and humidity on various
substrates, this scale of interference can be accounted for in
the calibration design of the system.

Page 8 of 14



Page 9 of 14

oNOYTULT D WN =

38

AUTHOR SUBMITTED MANUSCRIPT - MST-109706.R3

Table 3. Characterization of linear regressions across skin temperature boundaries relative to 40 - 80% RH: y = mx +c.

30°C R? 31°C R?

32°C R?

33°C R? 34°C R?

El -1.0x+342 0.98
E2 -03x+349 091
E3 -02x+292 0.86
E4 -02x+287 0.91

-0.8x+234  0.98
-0.3x+346  0.92
-0.2x+292  0.98
-0.3x+295  0.95

-1.3x+351  0.93
-0.4x+356  0.94
-0.3x+297  0.97
-0.3x+294  0.96

-1.0x+325  0.98
-0.5x + 2974 0.90
-0.5x + 310 », 0.94
-0.4x +291  0.96

-0.9x+339  0.99
-0.5x +357  0.95
-0.2x+293  0.97
-0.2x+290  0.98

Cotton Plaive Weave Embroidered Electrodes (E1)

Cotton Poplin E-Textile Electrodes (E2)
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Figure 9. Linear regression of Z, due to skin.temperature and skin wetness 40 - 80% RH for samples: (a) E1, (b) E2, (c) E3

and (d) E4.

N
3.3 Air permeability of textile substratesiand e-

textile electrodes

The air permeability tests for the selected e-textiles were
conducted to identify the g-textile “electrode suitable
relative to the physiological comfort associated with
textiles. To ensure the consistency of embroidery across the
samples, SEM images of e-textile electrodes are presented
in Fig. 10. By testing the air permeability of the textile
substrates (S1, S2, S3,'S4) prior to the fabrication process,
results show thefpolyester non-woven felt (S4) had the
largest air permeabilityd \For the fabricated e-textile
electrodes (E1, E2, E3/and E4), a reduction in air
permeability was expected due to the extra two layers of
Ag/PA66and PES stitching (Fig. 11). Thus, even with

N

M1

' Figure 10. SEM images of e-textile electrodes (a) E1,
(b) E2, (c) E3 and (d) E4.
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Figure 11. Air permeability of (a) textile substrates and (b) e-textile electrodes.

these extra layers the substrate S4 used to fabricate E4
permits more air to flow through the electrodes compared
to E1, E2 and E3. To conclude, E4 is less affected by
changes to the thermal properties of skin while maintaining
physiological comfort for the subject in comparison to the
other substrates used in this study.

4. Discussion

Our e-textile electrodes comprise of three materials: (i)
the substrate, (ii) PES thread and (iii) Ag/PA66 thread.
Each material possesses its own material characteristics.
The cotton and polyester substrates (S1, S2, S3 and S4),
including the PES thread are considered insulators, while
Ag/PAG6 possesses silver electrolytes and is primarily
responsible for the presence of Z, in the e-textile electrodes.
However, provided that the amount of conductive yarn
present in each e-textile electrode is relatively close, itis
evident that the substrate selection has an influence on Z;
of e-textile electrodes.

There appears to be no distinguishable relationship
between Z, and the various & of the substrates used in the
e-textile electrodes for this study. For example; E2 and E4
exhibit the highest and lowest Z, (284 andh 244kQ,
respectively) while their measured & (1.14.4and 1:20) fall
between the highest and lowest, permittivities of the
substrates used for E1 and E3 (1.12 and 1.33, respectively).
This could be attributed to the electrolyte impurities found
in the substrate. It is feasible that, these unidentified
electrolytes contribute to the Z, characterization relative to
temperature and RH. Our findings show there was no direct
correlation of Z, relative, to temperature. Contrary,
transposing skin wetness/into ‘moisture content it was
identified that Z, decreases as RH increases across all e-
textile electrodes.

Murphy et ‘al. [58] |demonstrated the electrolyte
impurities found “inncotton textiles cause a decrease in
resistance/ relative to an increase in temperature and
moisture content (RH). It was also shown that for a RH
greater than abeut 80% the cotton textiles undergo

polarization indicatings an_ increase in conductance.
Electrolyte impurities found in-polyester also create a small
conductance in the substrate. Shahzad et al. [62] fabricated
polyester and “stainless-steel hybrid conductive thread
(PSS). Testing the resistance of the threads in a climatic
chamber indicated that a PSS thread pertains a close to
constant.resistivity.relative to an increase in RH up to 80%.
This resistivity decreases when RH reaches over 80%.

Murphy et al.'and Shahzad et al. [58, 62] demonstrated
thewresistance of materials independently using direct
current measurements. Although our research combines
conductive and insulating materials using alternating
current (AC) at a predefined frequency resulting in
resistance and reactance measurements, our results are in
agreement with the findings of Murphy et al. and Shahzad
et al. [54, 58]. The fabrication of e-textile electrodes gives
rise to direct contact of the independent materials creating
a distinct functional material resulting in the interaction of
various electrolyte impurities in addition to the strong
presence of silver electrolytes in the Ag/PA66 thread.

The distilled water supplying climatic chambers
contains electrolyte impurities enhancing the conductivity
[63, 64]. This can contribute to the reactions of the
impurities in the three different materials used to fabricate
the e-textile electrodes. The behaviour and reaction of these
impurities may be the cause of changes in Z, demonstrating
no correlation relative to temperature, as opposed to the
study conducted by Murphy et al. [58]. However, our
research relating Z, to RH is consistent with the research
undertaken by Murphy et al. and Shahzad et al. [58, 62].
Shahzad et al.’s PSS is high in electrolytic conductivity
(about 1,300 Q/m linear resististance) analogous to
Ag/Pa66, therefore a close to constant resistivity of this
thread is expected with a decrease at about 80% RH across
all e-textile electrodes. Hence, the decrease in Z, between
40-80% RH could be from the reaction of the distilled
water with the impurities of the substrates and PES thread.
As polyester has a moisture regain of 0.4% while cotton is
about 8.5%, it is expected for the polyester non-woven felt
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e-textile electrodes to demonstrate a closer to zero gradient
in comparison to the cotton e-textile electrodes. While the
greater drop in Z, occurring at 90% is also attributed to
reaction of the Ag/PA66 electrolytic conductivity.

To further tailor this research, a solution imitating
human perspiration needs to be used with the climatic
chamber. For example, perspiration is a combination of
minerals, lactic acid, and urea. The minerals include
sodium, potassium, calcium, and magnesium. These
minerals are all conductive elements while lactic acid has
slight conductive properties as opposed to urea which is an
insulator. Due to the complexity of the electrolytes present
in all materials, in addition to the substances found in
perspiration, repeatability will be conducted over an hourly
period to gain a more accurate insight into the influence of
sweat on Z, which in turn impacts Zes. This time period is
significant as the conductivity of electrolytes in impurities
can vary over time. Moreover, adapting the electrodes to a
BIA system, the signal-to-noise ratio (SNR) can be
determined for the various textiles.

Previous research into e-textile electrodes have
addressed various stitch characteristics, signal-to-noise
ratio (SNR) analysis and direct comparison of Ag/AgCl to
e-textile electrodes in ECG and EMG applications [16, 18].
These studies were based on a single substrate applied on
healthy subjects, thus neglecting to consider the impact of
various substrates in addition to varying physiological
parameters of the skin as contributing factors. The findings
of this study reveal the importance of selecting a suitable
substrate for e-textile electrodes. Specifically, its influence
on Z, when skin parameters change due to ‘medical
conditions. These are important factors when designing
IoOWT.

5. Conclusion

This study demonstrates the importance of selecting an
appropriate substrate when designing e-textileselectrodes.
We show that skin temperature and perspiration influence
Z, of these electrodes. The temperature emulating skin
temperature demonstrated an inconsistent influence on Z,.
However, an increase in moisture content of the e-textile
electrodes relative to an ingrease jin RH  resulted in a
reduced Z,. We identified 'polyester non-woven felt e-
textile electrodes as the most suitable for BIA systems to
monitor electrophysiological activities while
characterizing its trend selative tonchanges in skin
properties. It has a_relatively low Z, while exhibiting a
linear relationship across the thermophysiological skin
temperature ranges and perspiration. Moreover, its linear
relationship_approaching a ‘zero-slope’ indicates the little
impact of SKin parameters on Z,. In addition, it possessed
the highest.air permeability supporting its suitability for
wearable non=invasive biopotential electrodes. E-textile

11

electrodes present a promising solution for long-term
electrophysiological monitoring. However, many factors
need to be evaluated before adapting them to BIA systems,
such as physiological properties ¢and> material
characteristics. A substudy of this research to be.conducted
includes assessing the dielectric propertiesof. new textile
materials in order obtain the Z, function in terms,of their
relative permittivity and dielectric losses with the aim of
achieving novel ultra-low.” impedance,._electrodes.
Moreover, future work can also include an extension of the
sample set by comparing textile substrates with identical
and distinct relative permittivities. This work forms the
foundation for future studies on the practicality of e-textile
electrodes and their impact on Zednfluencing Zy, in order
to obtain Zgus, while taking into consideration N [40-43].
To measure Zn,, tests will besconducted on pork belly
emulating human skin _in terms of its dielectric properties,
skin thickness 4@and ‘underlying biotissue structure. Pork
belly as a biotissue allows for replicates and repeatability,
thus an accurate insight into e-textile electrodes can be
explored..An-objective BIA diagnostic tool will enable
home /monitoring “of a patient’s electrophysiological
conditions, thus‘improving the quality of health care for a
patient invaddition to a reduced burden on the health care
system. .
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