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Validation of Polymer-Based Screen-Printed
Textile Electrodes for Surface
EMG Detection

D. Pani*’, A. Achilli

Abstract—Inrecent years, the variety of textile electrodes
developed for electrophysiological signal detection has
increased rapidly. Among the applications that could
benefit from this advancement, those based on surface
electromyography (sEMG) are particularly relevant in
rehabilitation, training, and muscle function assessment.
In this work, we validate the performance of polymer-based
screen-printed textile electrodes for sEMG signal detection.
We obtained these electrodes by depositing poly-3,4-
ethylenedioxythiophene doped with poly(styrene sulfonate)
(PEDOT:PSS) onto cotton fabric, and then selectively
changing the physical properties of the textile substrate.
The manufacturing costs are low and this process meets
the requirements of textile-industry production lines. The
validation of these electrodes was based on their functional
and electrical characteristics, assessed for two different
electrode sizes and three skin-interface conditions (dry,
solid hydrogel, or saline solution), and compared to those
of conventional disposable gelled electrodes. Results show
high similarity in terms of noise amplitude and electrode-
skin impedance between the conventional and textile
electrodes with the addition of solid hydrogel or saline
solution. Furthermore, we compared the shape of the
electrically induced sEMG, as detected by conventional and
textile electrodes from tibialis anterior. The comparison
yielded an R? value higher than 97% for all measurement
conditions. Preliminary tests in dynamic conditions
(walking) revealed the exploitability of the proposed
electrode technology with saline application for the
monitoring of sEMG for up to 35 min of activity. These results
suggest that the proposed screen-printed textile electrodes
may be an effective alternative to the conventional gelled
electrodes for sEMG acquisition, thereby providing new
opportunities in clinical and wellness fields.

Index Terms— Surface EMG, textile electrodes, screen-
printing, M-wave.
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|I. INTRODUCTION

HE advent of smart textiles with sensing/actuation fea-

tures and electronic components that can be integrated
into garments has opened new avenues for physiological and
environmental sensing. Moving on from the first steps taken
in this field, as represented by the first examples of metallic
wires embroidered or knitted with non-conductive fibers to
produce conductive pads [1], [2], the industry has proposed
smart garments for several applications. This has led to the
commercial introduction of smart clothes for personal health
and wellness, e.g., with the ability to detect electrocardiogram
(ECQG) signals [3], [4] or surface electromyogram (SEMG)
signals [5], [6], or even to provide electrical stimulation for
enhancing workouts [7]. As stated, these smart clothes use
integrated textile electrodes by embedding metallic wires into
the fabric. Although this solution is robust, in order to avoid
the introduction of seamed electrodes, their production must be
integrated into the main garment weaving process. The main
goal of research in this field is to identify valid alternatives to
the metal wires used in the production of these electrodes, and
possibly limiting the impact on the garment fabrication process
and achieving better performance [8]. Beyond an improvement
of the technological process, avoiding the use of metallic
electrodes would positively impact users’ comfort, especially
in long-term measurements [9], [10]. This could be a crucial
aspect in specific SEMG applications such as the production
of electrodes for sSEMG-controlled prostheses [11].

A variety of SEMG electrodes specifically designed to be
integrated into clothes has been proposed in the last few
years. These electrodes enable the acquisition of SEMG signals
from several body regions: frontalis, temporalis and lateral
rectus [12], vastus lateralis, rectus femoris and vastus medialis
[13], gluteals, vasti, hamstrings [14], masticatory muscles [15],
trapezius muscle to monitor stress load [16], and flexor and
extensor forearm muscles [17].

In all these works, the electrodes were composed of metallic
elements either added onto finished clothes in the form of
conductive patches or wires or integrated as screen-printed
electrodes deposited onto a plastic substrate. When embedding
external electrodes in clothes, both solutions can affect the
roughness of the surface and, ultimately, the comfort of the
wearer.

This work presents the validation of the performance of
seamless screen-printed polymer-based textile electrodes in
SEMG signal detection. We functionalized a pure cotton fabric
by the deposition of poly-3,4-ethylenedioxythiophene doped
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with poly(styrene sulfonate) (PEDOT:PSS). Deposition by
screen-printing changes the chemo-physical properties of the
textile substrate without affecting its mechanical features,
which is essential for obtaining textile electrodes characterized
by high wearer-comfort levels. We assessed the performance
of these SEMG electrodes on the tibialis anterior muscle in
different conditions, namely with or without the presence of
an electrolyte between electrode and skin, by recording the
muscular activity induced by electrical stimulation. We chose
this configuration to reduce the physiological variability of
voluntary muscular contraction, thus allowing a fine compari-
son of the signal morphology. We evaluated both the effect of
the electrode area and the presence or absence of electrolytes.
We then compared the results with those of a conventional
disposable gelled Ag/AgCl electrode of the same size, which
are clearly not adequate for the development of smart garments
but represent the gold standard for physiological biopotential
recordings on the human body. Even though a complete
assessment of the textile electrode performance in dynamic
conditions is beyond the scope of this work, a preliminary
investigation was also performed to evaluate the feasibility of
the application of the proposed technology in rehabilitation
contexts, where the tasks are often dynamic.

[l. MATERIAL AND METHODS

In this study, we produced screen-printed textile electrodes
printed on a 100% cotton fabric and compared their perfor-
mances with those of disposable gelled Ag/AgCl electrodes.
The textile electrode production process is based on a standard
fabric screen-printing procedure, and uses a conductive ink
composed of HERAUS CLEVIOUS™ PH1000 PEDOT:PSS,
ethylene glycol and GOPS, as described in a previous work
related to ECG signal acquisition [18]. After deposition on the
textile substrate, we dried the ink by placing the electrodes
in an oven for 15 minutes at 70 °C. For the deposition,
we used a 43T mesh with a mask containing two different
geometries. The first geometry (&24) combines a round shape
24 mm in diameter and a rectangular path (5 mm x 15 mm),
and the second (210) uses the same rectangular path and a
10-mm-diameter round shape (Fig. 1, bottom panel). We added
the rectangular path to the electrodes as a way to acquire the
signal through a crocodile connection clipped directly onto
the fabric (for static recordings) or through a snap-on button
directly crimped on the fabric and isolated from the skin (for
dynamic recordings).

A. Electrodes Characterization in Static Conditions

To validate the performance of the electrodes in detecting
SEMG signals, we analyzed both the electrical parameters and
the SEMG signal characteristics they detected.

We evaluated the performance of the screen-printed elec-
trodes in three different conditions: i) dry, ii) after the addition
of a few drops of saline solution (0.9%) to the electrode
surface, and iii) with a solid KCl hydrogel layer (Spes
Medica Srl, Genoa, Italy) applied to the electrode surface.

Recording electrodes  Stimulation electrodes

Fig. 1. From top to bottom: measurement setup and the electrodes
(from left to right: 24 mm gelled Ag/AgCl electrodes, ©24 and 10 textile
electrode pairs, and 10mm reduced gelled Ag/AgCl electrodes).

Dry condition represents the ideal situation of a wear-and-
play smart garment. However, dry electrodes present several
limitations mainly ascribable to the skin-electrode interface.
By adding saline, which is a weak electrolyte, we can promote
the reactions at the interface but also increase the active surface
of the electrode by filling the recessed parts of its rough
surface [8]. Remarkably, saline emulates sweat because of the
presence of NaCl in a similar percentage (0.1% to 0.4% [19]).
Its presence could be substituted by tap water with similar
results [20], thus supporting the idea that a better adhesion
to the skin of the wet fabric is actually important [21].
Lastly, hydrogel was tested to have a closer comparison with
disposable commercial electrodes [22]. In this case, the ionic
concentration is typically higher, if compared to that of saline,
and the adhesion with the skin is maximized by the adhe-
sive nature of the material, improving the contact stability
[21], [23]. Nevertheless, the most important conditions are
represented by dry and wet electrodes, which fit better the
needs of smart garments.

We compared the results with those obtained using standard
gelled Ag/AgCl electrodes (CDES000024 by Spes Medica Srl,
Genoa, Italy). To ensure a like-with-like comparison, we used
Ag/AgCl electrodes with a nominal diameter of 24 mm and
with a reduced diameter of 10 mm, which we obtained by
cutting them with a hollow cutter punch (Fig. 1). This choice
maximizes the similarity between the proposed textile and
commercial electrodes. The hydrogel added to our textile
electrodes was also the same as that used with the commercial
Ag/AgCl electrodes.

The study population consisted of ten healthy volunteer
subjects. The study was performed following the principles
outlined in the Helsinki Declaration of 1975, as revised
in 2000. Institutional review board approval was obtained from
ASL 1 Torino, Italy, Prot. n. 0010610. All subjects signed an
informed consent regarding data acquisition and use prior to
their participation in the recording protocol.
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We characterized the electrode performance on the tibialis
anterior while the subject was resting on an examination
couch in a semi-sitting position. Before electrode placement,
we shaved the skin and gently applied a skin preparation gel
(NuPrep, by Weaver, Colorado, USA).

For each measurement, we applied two separate screen-
printed textile electrodes to the skin using medical tape, with
a distance between their centers equal to 30 mm for the
24-mm electrodes and 22 mm for the 10-mm ones. Electrode
separation prevents any direct conductive path through the
fabric when the saline solution is added. We placed a layer
of foam (5-mm thick) over both electrodes and secured it in
place using a tubular net bandage to enhance fabric adhesion
onto the skin [24] and to maintain a stable and continuous
pressure [25] and skin humidity [26] during measurement (see
Fig.1). The same positioning was used during testing of the
commercial electrode.

1) Electrical Parameters Analysis: First, we analyzed the
surface conductivity of the screen-printed textile electrodes.
For this purpose, we measured the sheet resistance of the
functionalized textile substrates using the four-probe method.

Next, we measured the electrode-skin impedance, which
is an important parameter that can act as reference when
comparing other figures of merit such as noise or signal
amplitude. We measured the impedance with a custom-made
impedance meter (LISiN, Politecnico di Torino, Italy). This
device converts a sinusoidal voltage input into a proportional
current signal (200 nA peak-to-peak amplitude) and measures
the voltage drop between the electrodes tested. Using a Matlab
routine, we computed the impedance module as the amplitude
ratio between the measured voltage and injected current,
for a frequency sweep in the range 10-1,000 Hz. For each
measure, we extrapolated the impedance value at 50 Hz from
the experimental dataset for comparison of the experimental
conditions.

To quantify the noise contribution associated with the whole
setup, we performed a signal acquisition with the subjects at
rest, while making no voluntary or induced muscular activation
on the tibialis anterior.

To do so, we used a DuePro amplifier (OT Bioelet-
tronica, Torino, Italy; sampling frequency: 2048 Hz, band-
width 10-500 Hz, A/D: 16-bit). During the measurement,
we inserted the DuePro device into an armband fastened close
to the ankle in proximity to the electrodes to minimize the wire
lengths, movements, and electrode traction. To display and
record the signals, we connected the amplifier via Bluetooth to
a host PC running a custom-made acquisition software (LISiN,
Politecnico di Torino, Torino, Italy).

We band-pass filtered the detected signal in the 10-500 Hz
frequency band and removed any power-line interference using
a spectral interpolation technique [27]. We then obtained noise
estimations by calculating the rms of the filtered signal over a
10 s window and validated the results by evaluating the same
parameter during a quiescent period in the stimulation proto-
col. From the same 10 s segments used in the rms estimations,
we also estimated the power spectral density (PSD) of the
noise using Welch’s method with 4 s windows (1-s overlap).
We performed this analysis for each subject in the typical

range of the SEMG signal, i.e., from 10 Hz to 500 Hz [28].
We used box plots to represent the skin-electrode impedance
and rms of the noise distributions. In these plots, the median
is highlighted, the box defines 50% of the samples between
the first and third quartile, and the whiskers range from the
minimum to maximum value, excluding outliers (represented
separately). Outliers are defined as data values larger than
g3+ 1.5(q3 — gq1) or smaller than g1 — 1.5(q3 — g1), where
g1 and g3 are the 25" and 75™ percentiles, respectively, which
correspond to approximately £2.7 ¢ and 99.3% coverage,
if the data were normally distributed.

We statistically analyzed the skin-electrode impedance and
rms of the noise, at rest, by aggregating the results from
all the subjects testing the same electrode and comparing
the populations in pairs (Ag/AgCl electrodes against textile
electrodes of the same size, in different conditions). First,
we performed a Kolmogorov—Smirnov normality test of the
subject distributions to choose the most appropriate statistical
analysis method, i.e., the Student’s t-test or the nonparametric
Mann—Whitney U test, depending on whether the distributions
were normally distributed or not, respectively. Statistical sig-
nificance is considered to be p < 0.05.

2) sEMG Signal Analysis: Due to the large variability in the
interferential SEMG patterns generated by voluntary muscular
contractions, the approach we followed in this work is similar
to that described in [29], which is based on the analysis
of the electrically-induced sEMG response, i.e. the M-wave.
In electrically-induced contractions, the number of activated
motor units, and therefore the shape of the induced M-wave,
depends primarily on the stimulation amplitude and on the
position of the stimulating electrodes [30]. Both parameters
were kept constant across trials on the same subjects. In this
condition, the most relevant source of variability influencing
the M-wave shape is the electrode-skin interface, which in
turn depends on the skin characteristics and electrode type,
but not on the considered muscle. For this reason, for SEMG
analysis in static conditions, only one muscle was considered,
and we adopted the same setup described above to record
the noise. We used a DS7AH electrical stimulator (Digitimer
LtD, UK) to stimulate the branch of the peroneal nerve that
innervates the tibialis anterior via two disposable stimulation
gelled electrodes (bipolar nerve stimulation).

We configured the stimulator to generate stimulation pulses
with 300 us duration at 2 Hz. For each subject, at the
beginning of the experiment, we identified the stimulation
amplitude that induced a maximal M-wave and kept it constant
throughout all the experimental conditions (i.e. different, tested
electrodes). The average current value used for the stimulation
was 24 + 5 mA.

For each subject, electrode, and condition, we performed the
analysis on a prototypical M-wave obtained by averaging of
ten M-waves that occurred during that recording. We adopted
this averaging procedure to reduce the effect of any possible,
subtle variability in the physiological responses to the elec-
trical stimulation [31]. Using this process, it was possible to
compare each signal acquired by the textile electrodes with
that acquired by the disposable gelled Ag/AgCl electrodes of
the same size placed in the same position. We determined
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the similarity of the M-wave templates obtained from the
textile and commercial electrodes. To do so, we produced a
scatter plot of the individual samples of the two synchronized
M-wave templates (one against the other), and computed three
parameters: slope, R?, and mean square error normalized by
the energy of the M-wave template obtained from the refer-
ence Ag/AgCl electrodes (NMSE) [29]. For these parameters,
we obtained descriptive statistics using mean and standard
deviation, in consideration of the physiological differences
between subjects in the different recordings.

B. Testing Textile Electrodes During a Dynamic Task

The experimental protocol described in Section A was
designed to characterize the interface between different elec-
trode types and the skin in terms of impedance, noise and
quality of detected SEMG. In order to isolate the effect of
the electrode on the measured variables, these measures were
performed in well-controlled and standardized experimental
conditions; static and electrically-induced contractions. In this
section, we describe a preliminary set of measurements aimed
at demonstrating the feasibility of SEMG acquisitions also
in dynamic contractions, a condition more similar to those
occurring in applied contexts, where the implementation of
this electrode technology could be more useful.

Surface EMG signals were acquired (DuePro amplifier, OT
Bioelettronica, Torino, Italy) from medial gastrocnemius (MG)
and tibialis anterior (TA) in three healthy subjects during
walking. For each muscle, a pair of textile electrodes (224)
were positioned beside a pair of Ag/AgCl electrodes. For
both electrode types, the inter-electrode distance was 25 mm.
Before textile electrodes positioning, the electrode surface was
dampened with two drops of saline solution. As for the static
contractions, we placed a layer of foam (5 mm thick) over
the back of both textile electrodes and then we secured this
textile stack in place using a lycra sleeve (the electrodes
were then not fixed on the sleeve). The experimental protocol
consisted in ten walking trials of 20 steps each. Subjects were
asked to walk at the preferred velocity and consecutive trials
were separated by 5 minutes of rest. For each trial, SEMG
envelopes of TA and MG were segmented using the heel-
strikes instants obtained from a footswitch (Biometrics Ltd,
UK) positioned under the right heel. The cross-correlation
between the synchronized averaging of the SEMG envelopes
detected by textile electrodes and by Ag/AgCl electrodes was
then computed to quantify the differences between signals
recorded with the two types of electrodes. The time course
of cross-correlation values provided a description of the effect
of time on the quality of SEMG recorded by textile electrodes,
under the assumption that the Ag/AgCl electrode contact
remained unchanged throughout the experiment.

I1l. RESULTS

The sheet resistance was 390 £ 60 Q/sq. and
410 % 150 Q/sq., respectively, for the @24 and @10 electrodes.
Figure 2 shows box plots of the skin-electrode impedance
measured in different conditions by the screen-printed and
gelled electrodes. The results of the Kolmogorov—Smirnov test

(=1
ES

S
ES

(=
%

Impedance (k2)
5[\)
Impedance (k€2)
2

(=}
S

ic

5| Nt

0 0
Ag/AgCl Saline Hydrogel Dry Ag/AgCl Saline Hydrogel Dry

Fig. 2. Box plot of the skin-electrode impedance for each electrode size
and measurement condition (from left to right, for @24 and @10).

20

W
W

Noise (mV)
S
Noise (mV)
=

=

0
Ag/AgCl Saline Hydrogel Dry

=L

W
w

i[ﬂr%

0
Ag/AgCl Saline Hydrogel Dry

=

Fig. 3. Box plot of the rms of the noise for each electrode size and
measurement condition (from left to right, for @24 and 210).

Dry Dry
-80 Hydrogel| -80 Hydrogel
Saline
Ag/AgCl Ag/AgCl

Saline ‘

-120 —120W‘

-140

IS

W

v

-140

o

Power/Frequency (dB/Hz)
Power/Frequency (dB/Hz)

-160 -160

100 200 300 400 500 100 200 300 400 500
Frequency (Hz) Frequency (Hz)

Fig. 4. PSD of the noise for each electrode and condition (from left to
right, for 24 and 210).

on these skin-electrode impedance populations suggested the
adoption of the U test. This test revealed a significant statistical
difference between the disposable gelled Ag/AgCl electrodes
and dry textile electrodes of any size (p < 0.002), and also
for the @10 electrodes with saline (p = 0.0036). Conversely,
we found no statistically significant difference in the other
cases (@24 and @10 with hydrogel, p > 0.7 and @24 with
saline, p = 0.97). Figure 3 shows the rms of the signal at
rest (noise) for all the electrode conditions. Figure 4 shows
the Welch’s PSDs of these signals for a single subject in each
recording. We also obtained the same behavior observed at
rest during the stimulation protocol in the quiescent regions
of the SEMG signals.

The results of the Kolmogorov—Smirnov test on these noise
populations again suggested the adoption of the U test, since
the distributions were not normal. This test also revealed a
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@24 and 210).

TABLE |
COMPARISON OF TEXTILE AND COMMERCIAL ELECTRODES IN TERMS
OF LINEAR REGRESSION PARAMETERS (MEAN + STD
OVER 10 SUBJECTS)

224 electrodes 210 electrodes

Dry 342 Dry 4+3

NVISE Saline 241 NSE Saline 542

Hydrogel 2+1 Hydrogel 4+3
Dry 1.05+0.09 Dry 1.06+0.12
SLOPE  Saline 0982000 SNOPE galine 1002012
Hydrogel 0.98+0.07 Hydrogel 1.09+0.08
Dry 0.98+0.01 Dry 0.98+0.01
R’ Saline 0.98+0.01 R’ Saline 0.970.02
Hydrogel 0.99+0.01 Hydrogel 0.98+0.01

significant statistical difference between the disposable gelled
Ag/AgCl electrodes and the dry textile electrodes of any size
(p < 0.0002), as well as for the @24 electrodes with saline
(p = 0.0028). Conversely, we found no statistically significant
difference in the other cases (@24 and @10 with hydrogel,
p > 0.10 and p > 0.85 respectively, and @10 with saline,
p > 0.97).

During electrical stimulation, we computed the average
M-wave per each electrode in each recording condition. Fig-
ure 5 shows two examples of the average M-waves obtained
on the same subject with all the electrodes tested in this
experiment, considering different measurement conditions for
the textile electrodes.

Figure 6 shows the linear regression model adopted to
compute the parameters for comparison of the disposable
gelled Ag/AgCl electrodes with their textile counterpart, for a
single subject and the larger electrode size (&24). Table I lists
the average parameters obtained from the linear regression,
along with their errors, as expressed by standard deviation,
for the ten subjects.

Figure 7 reports the results of the analysis on sEMG
signals detected during walking for one representative subject.

Hydrogel Saline Dry
Slope= 0.97; R*=0.992 Slope= 1.00; R?=0.995 Slope= 1.00; R?=0.996
I | NMSE=0.8% NMSE=0.5% NMSE=0.7%
Z
k) 0
3 O
>
2
z e & o
2 géﬁp ¥ 06
z o o &
o6 f
S ¥ &

Control M-wave (mV)

Fig. 6. Linear regression between average M-waves recorded with
disposable gelled Ag/AgCI electrodes (control M-wave) and with the
screen-printed textile electrodes, in different conditions (test M-wave).
These plots refer to a single subject, for the @24 electrodes.

The upper panel (Fig. 7a) shows the quality of raw sEMG
signals detected from MG and TA by Ag/AgCl and textile
electrodes. Signals of five steps for the first end eighth trial
(corresponding to 0 and 35 minutes from the electrodes appli-
cation) are depicted. The signal quality of the two electrodes
type is comparable for the first trial, while it is remarkably
different for the eighth trial, where the signals detected from
textile electrodes are affected by low frequency artifacts. The
presence of these artifacts affects the shape of the signal
envelope, which is shown for MG in Fig. 7b. As compared
with the envelope of the first trial, that of trial 8 is comparable
for Ag/AgCl electrodes, while it is highly distorted for textile
electrodes. This behavior was quantified for the two muscles
with the cross-correlation between SEMG envelopes detected
by Ag/AgCl and Textile electrodes (Fig. 7c). The graph in
Fig. 7c depicts a slow, though progressive, decrease of the
cross-correlation, which becomes faster after 30 minutes from
the electrodes positioning. For both muscles and for all the
subjects, the cross-correlation was larger than 0.95 for the
first trial and decayed below the threshold of 0.85 after 35,
35 and NN minutes for MG and 45, 40, 50 minutes for TA
(where NN means the cross-correlation was always above the
threshold for our observation time: 45 min).

IV. DISCUSSION

The sheet resistance results highlight the high repeatability
of the screen-printing technique used to fabricate the textile
electrodes by screen-printing, thus demonstrating the high
reproducibility of the printing process, due to the possibility
of precisely controlling the amount of ink that is deposited on
the substrate [18].

However, for the detection of physiological signals, sheet
resistance is not the only parameter involved in electrode
performance [8]. Other aspects, such as the skin-electrode
impedance, affect the quality of conductive materials used as
biopotential electrodes.

The skin-electrode impedance measured before each SEMG
measurement can be used to describe how electrode size and
electrolytes influence performance [7]. In the signal acquisition
without any electrolyte, the impedance value was high even
if a mild skin treatment had been applied after shaving. The
box plots in Fig. 2 clearly indicate that the presence of the
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Fig. 7. (a) Raw sEMG signals detected by Ag/AgCl and textile electrodes during five gait cycles for the first and eighth trials. The thick, gray trace is
the signal from the footswitch positioned under the right heel. (b) SEMG envelopes detected in MG from Ag/AgCl and textile electrodes during trials
1 and 8. Grey traces are the envelopes corresponding to each step, the black signal is the average envelope. (c) Time course of the cross-correlation
between sEMG envelopes detected by the two electrode types. Data from ten trials recorded with five-minute rest between consecutive trials are

reported.

electrolyte influenced this parameter for both the @10 and
224 textile electrodes, in both cases contributing to decreasing
the skin-electrode impedance by an order of magnitude. Thus,
no statistically significant difference was found between the
conventional and textile electrodes in the presence of an
electrolyte. According to the scientific literature [32], there
is also an inverse relationship between the electrode size and
the skin-electrode impedance, regardless of the measurement
condition.

A similar analysis of the rms of the noise with the ©24 and
210 electrodes leads to a similar conclusion. The first aspect is
the noise level in dry conditions, which reaches, respectively,
3+ 2 uVand 12 £ 5 uV for the two textile electrode
sizes. The box plot of the noise indicates that, in this case,
the addition of electrolytes also dramatically improves the
electrode performance, leading to values comparable to those
of conventional electrodes.

Overall, the addition of a saline solution introduces greater
variability, compared to a solid hydrogel, and this is reflected
by the presence of outliers. This variability is probably due
to transient instability of the contact caused by the limited
adhesion of the electrodes to the skin [25]. The statistical
analysis results again reveal the substantial similarity in the
electrode performances when an electrolyte is used, at least
when the electrodes are not small.

A comparative analysis of Figs. 2 and 3 shows similarity,
being the two aspects dependent, at least in principle. To
analyze such a dependency, we studied the data leading to

the boxplots in Figs. 2 and 3, by considering each electrode
size and type/condition separately. We computed the Pearson’s
correlation coefficient and the Spearman’s rank correlation
between the variables rms of the noise and impedance. The
former test can only reveal linear dependency between the two
parameters, and then a proportionality of the centered obser-
vations, whereas the latter looks at non-linear dependency of
the data leading to a monotonic function (similar rank of
the two parameters). By averaging the correlation coefficients
over the two sizes, which present a similar behavior (data
not shown), for each electrode type/condition, we obtained
that noise and impedance are highly correlated for all the
electrodes but the textile with saline one. In detail, Ag/AgCl
electrodes reported 0.81 (Pearson) and 0.91 (Spearman), which
are similar to those obtained for the dry textile electrodes
(0.87 and 0.90, respectively) and for the textile electrodes
with solid hydrogel (0.93 and 0.97, respectively). Conversely,
we obtained very low correlation coefficient values for the
textile electrodes with saline solution (—0.24 and —0.10,
respectively for Pearson and Spearman), which confirms that
the noise in this case is mainly due to the movement artifacts
(low-frequency) associated to the limited electrode stability
on the skin rather than to the amplification of the common-
mode due to the skin-electrode impedance imbalance between
the couple of recording electrodes [33], typically experienced
when a high skin-electrode impedance is present.

All these considerations were confirmed by the PSD results,
which reveal that dry electrodes experience a generally higher
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noise level and power-line interference harmonics, mainly due
to the higher skin-electrode impedance, also leading to an
attenuation of the signal of interest. Furthermore, the PSD
reveals that most of the noise for the textile electrodes with
saline solution occurs in the lowest part of the spectrum,
confirming the previous considerations. In fact, from Fig. 4 it
is also clear how the adhesive electrolyte (present in disposable
gelled electrodes and in the textile with solid hydrogel) oper-
ates on the low frequencies by reducing the baseline wandering
typical of textile electrodes and due to a loose contact [25] and
to the material characteristics [20]. Remarkably, the PSD at
rest for the proposed textile electrodes composed of organic
polymers, except in dry conditions, is comparable with that
in other works wherein the EMG signal was acquired with
electrodes composed of metallic wires in contact with the
skin [34]. The results of the M-wave analysis on the ten
volunteers, as reported in Table I, indicates that the signal
acquired in dry conditions is less similar to those acquired
using conventional electrodes or by adding some electrolyte
to the textile electrodes. We computed the NMSE, R2, and
slope values from the linear correlations between the average
M-waves recorded using conventional electrodes and those
recorded using the screen-printed electrodes. The descriptive
statistics in Table I reveal a similar behavior of electrodes
produced using different technologies in every condition, inde-
pendent of electrode size. Remarkably, both the R? coefficient
close to one and the average slope of around 1 mV/mV
indicate high similarity between the M-waves curves detected
by the textile and gelled Ag/AgCl electrodes.

In this study, the analysis of SEMG signals during a walking
task was included as feasibility proof of the acquisition in
dynamic contractions. Although from a limited subject popu-
lation, the results of this analysis show somehow consistent
indications on the quality and the usability time of these
electrodes. Indeed, for both the muscles of the three subjects
tested, the quality of SEMG signals remained adequate (limited
motion artifacts and cross-correlation with a reference enve-
lope greater than 0.85) for at least 30 minutes. The reasons for
the signal quality reduction were likely attributable to both the
electrode drying, which leads to a worsening of the electrode-
skin interface properties, as demonstrated in the comparison
between different electrodes (Fig. 2 and 3), and the creasing
of the cotton fabric, which was not fixed to the elastic sleeve.
This interpretation is supported by the evidence that all the
textile electrodes were dry at the time we removed them,
45 min after their application, and at least one of them was
clearly creased. An in-depth analysis of the performance of
the proposed textile electrodes in dynamic contractions would
then require a larger population and a larger set of controlled
dynamic tasks and conditions, and the direct printing on
the elastic sleeve of the electrodes to avoid creasing of the
electrode substrate. Remarkably, if only the electrode drying
process remains to hamper a stable-quality signal acquisition,
moisturizing the electrodes repeatedly over time from the
outside of the garment by saline solution is an easy way
to solve of this problem [35]. Furthermore, saline emulates
sweat that could take place during physical activity due to
transpiration [21], so that in some cases exogenous wetting

of the electrode could be avoided. Overall, these preliminary
results demonstrate the feasibility of the proposed technology
as a way to functionalize common fabrics to obtain sSEMG
electrodes of adequate quality.

V. CONCLUSIONS

In this work, we presented an in-depth characterization of
the performance of polymer-based textile electrodes in SEMG
signal acquisition. The experimental results suggest that these
electrodes can be used in static conditions to study the sSEMG
signal in the presence of a liquid or solid electrolyte (such
as saline or solid hydrogel), without significant differences in
the performance from that of conventional disposable gelled
SEMG electrodes. This is important because the wet condition
is similar to the one achievable during physical exercise,
when sweating occurs, or, when the activity is less intense
as for rehabilitation, it can be easily obtained by periodically
wetting the external surface of the garment with saline and
letting the liquid able to reach the active area of the elec-
trode. However, the use of the electrodes in dry conditions
is limited by a higher noise level, which slightly affects
the M-wave morphology, but may be more problematic on
lower-amplitude sSEMG signals, such as those acquired from
voluntary contractions. In light of the results obtained for both
large and small electrodes, this technology may be adopted
to design bipolar or multichannel electrodes for applications
requiring high electrode conformability and simple setups.
On the way paved by the results presented in this work, more
extensive trials in dynamic conditions are being carried out for
the complete characterization of these electrodes for sSEMG
applications.
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