[Downloaded from www.aece.ro on Thursday, March 28, 2024 at 17:16:02 (UTC) by 44.200.101.170. Redistribution subject to AECE license or copyright.]

Advances in Electrical and Computer Engineering

Volume 20, Number 2, 2020

Acquisition and Transmission of ECG Signals
Through Stainless Steel Yarn Embroidered in
Shirts

Radu Adrian MUNTEANU', Sabin BANULEASA', Alexandru RUSU?, Diana-Georgiana BUTACU®
'Technical University of Cluj-Napoca, Cluj-Napoca, 400114, Romania
*Lexion Engineering SRL, Bucharest, Romania
3LockSys Expert SRL, Bucharest, Romania
radu.a.munteanu@ethm.utcluj.ro

Abstract—A significant percent of all global deaths are
caused by cardiovascular diseases (CVD). The diagnostic of the
electrocardiogram (ECG) is a clinical practice widely adopted
to evaluate the heart condition and identify CVD. For long-
term ECG monitoring, a biopotential acquisition system
integrated in common clothing is a viable solution for
telemedicine. The electrodes and wires play a major role in the
comfort and signal quality acquired from the patient. The
paper presents a technical solution, where stainless steel yarn
was used to create a Lead | Einthoven system consisting of 3
dry electrodes embroidered on a sports shirt. There are novel
electrode materials and techniques that push further the state-
of-the-art in ECG acquisition, but the authors focused on the
currently available materials that are low-cost, widely available
and easily integrable into common clothing, in order to seek a
simple yet fully functional solution with the potential to become
a truly ubiquitous ECG monitoring system.

Index Terms—biomedical electrodes, biomedical telemetry,
electrocardiography, telemedicine, wearable sensors.

I. INTRODUCTION

Cardiovascular diseases (CVD) are the cause of 31% of
all global deaths (17.9 million people), out of which 80%
are from heart attacks and strokes, as reported by the World
Health Organization [1]. This number is steadily increasing
over the years and is becoming one of the major factors
affecting human health.

The diagnostic of the electrocardiogram (ECG) is a
clinical practice routinely used to evaluate the heart
condition of the patient and has the potential to aid the
identification of heart disease like myocardial injury,
ischemia, the presence of prior infarction or disorders in the
cardiac rhythm.

The clinical acquisition of the ECG is traditionally
employed trough immobile (fixed) instruments or
conventional portable Holter monitor systems designed for
24-48 hours of recording, but asymptomatic or intermittent
properties of many chronic heart diseases require longer
periods of ECG monitoring [2], and with a comfortable
wear. Also, telemedicine is an emerging technology with
potential of increasing efficiency and reducing costs in the
medical field [3].

Conventional ECG systems acquire the bio-potential
signal trough disposable gelled Ag/AgCl electrodes which
provide a high-quality and stable signal. These electrodes
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are composed of a metallic snap fastener and reduce the
impedance with the skin by using a solid or liquid hydrogel.
In the case of long-term monitoring, they can cause
discomfort and skin reactions [4]. Also, over time, the gel
dries out and its performance degrades [5]. Adding on top of
their discomfort, the electrodes are commonly coupled to the
monitoring system via insulated wires routed under or over
clothes.

Existing commercial solutions for a portable ECG
acquisition and alert system have been developed to ensure
increased ease of use and portability [6] and offer a higher
degree of comfort and increased ECG signal quality during
daily activities [7].

In terms of comfort for a long-term electronic monitoring
system mounted on a patient, the system would be ideally
fully integrated into common clothing. The major
components that determine the comfort and signal quality of
a long-term ECG system are the electrodes and the signal
transmission to the central unit. Studies in the field and
novelty papers indicate an increasing focus on innovative
electrodes that offer high quality ECG signals in a variety of
conditions and activities and reduced or no-skin contact for
higher comfort.

In this paper, the authors present such a technical
solution. Stainless steel yarn was chosen to be woven into a
sports shirt. Several scenarios were determined for a subject,
in order to collect ECG signals in diverse scenarios while
comparing the results with the signal from conventional
hydrogel Ag/AgCl electrodes with insulated wires. Since
diagnostic of clinical ECG is typically realised by visual
markers, we have determined a criteria of signal quality
based on the PQRST complex, as illustrated in Fig. 1.
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Figure 1. Schematic diagram of PQRST complex of the sinus rhythm of a
human heart as seen on ECG [8]

73

1582-7445 © 2020 AECE



Advances in Electrical and Computer Engineering

The obtained results indicate that dry electrodes wires
made entirely from stainless steel are a feasible solution to a
comfortable ECG acquisition system, especially in the
presence of perspiration, which reduces the impedance of
the skin-electrode contact.

There are novel electrode materials and techniques that
push further the state-of-the-art in ECG acquisition, but the
authors focused on the currently available materials that are
low-cost, widely available and easy to integrate into
common clothing, in order to seek a simple yet fully
functional ECG monitoring system, with the potential to
become truly ubiquitous.

II. RELATED RESULTS IN LITERATURE

Electrodes are the interface between the signal acquisition
system and the body bio-potential. They can be classified as
polarizable or non-polarizable (dry versus wet electrodes)
[9].

Non-polarizable electrodes have a current flow path
between the electrode and the skin via a gel or other bio-
signals conductive material (like electrodes from Ag/AgCl
with hydrogel) [9].

Polarizable electrodes lack the current flow path and,
instead, they work as a capacitive coupling between the
conductive material and skin [9].

The polarizable electrodes can commonly be of two
types: contact and non-contact.

Contact type electrodes, where the bio-potential
conductive material is in direct connection with the skin,
includes various types of electrode materials, such as:
stainless steel yarn [9-12], stainless steel surfaces [13],
polyamide wires coated with stainless steel [14], Ag fibres
[10],[15-16], Ag textiles [17-18], Ag coated polyimide [19-
20], Ag plated PVDF [21] or polyamide [22], Ag nanowire
[23], Ag coated glass composite [24], Ag coated Nylon [25],
Ag printing [26-27] or other materials like Ni and Cu on
fibers or textiles [11], [16], [25]. A novelty is the use of
carbon-based electrodes (nanotubes, nanofibers, graphite or
particles) [28-32], that have great potential to reduce motion
artefacts and adapt to special conditions [26], [33]. Easy
printing using commercially available equipment of
PEDOT: PSS poly (3,4-ethylenedioxythiophene) organic
polymer has led to the development of novel electrodes for
ECG signal acquisition [34-37] which, although they may
share some of the disadvantages of motion artefacts because
of their dry nature, the leads can be made up of a high
number of printed electrodes in common clothing in order to
post-filter out more easily the influence factors.

Non-contact type electrodes are also known as capacitive
coupling electrodes, where there is material in-between the
electrode conductive plate and the skin, typically textile
material like cotton or polyester [38-43]. These types of
electrodes promise the best comfort by truly integrating the
electrodes into clothing, ideally with no-skin contact, but
typically they have a lower ECG signal quality than those
with direct contact and can suffer from motion artefacts.

Visual diagnosis of clinical ECG by specialized medical
staff is a widely accepted procedure for evaluating the heart
condition or identifying CVD. Also, a typical approach to
the digital characterization of the analogue ECG signal is by
adopting the Heart Rate Variability (HRV) metrics and
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norms that describe 24h, short-term (~5 min) or brief, and
ultra-short-term (<5 min) intervals using time-domain,
frequency-domain, and non-linear measurements [44-45].

One main challenge to create a truly ubiquitous ECG
system is to be low-cost, which can be achieved not only
trough raw material cost reduction, but also by considering
the current manufacturing processes which typically involve
a logistics chain from clothing producers to electronics
integrators. That is why we believe it is important to identify
ways such that electrodes, wires and digital processing units
can be manufactured or easily integrated directly by clothing
producers. Following the logic of widely available and low-
cost materials, this is one of the reasons why the authors
have chosen to study the feasibility of ECG signal
acquisition via stainless steel yarn woven and embroidered
into a sports shirt.

III. PROPOSED ECG SYSTEM

A. Overview

The proposed ECG acquisition system consists of a single
lead made of 3 dry electrodes in accordance with the L1 lead
of Einthoven’s triangle. The placements chosen were right
and left upper arm and right abdomen. The upper arm
positions offer an advantageous stretch of the shirt to
increase pressure on the electrode-skin contact, in order to
reduce impedance. All 3 dry electrodes are connected, using
the same stainless-steel yarn, to the AD8232 module. Fig. 2
shows the system embroidered into a sports T-shirt
(polyester 82% and 18% elastane).

B. Dry electrodes

The embroidered dry electrodes chosen pattern was from
a previous study [15] where it had the best performance as a
“Finnesd”-type silver fiber. The electrodes were made by
weaving stainless steel yarn onto a piece of cotton textile
which later was embroidered on the inside of the sports shirt
in the locations shown in Fig. 2.

C. Transmission wires

The transmission wires are routed on the exterior surface
of the shirt with no direct skin contact, in a zig-zag line, to
prevent stretching of the wire, which can modify its
resistivity or even break it.

Figure 2. Dry electrode pads and transmission wires made from stainless
steel thread and embroided into a strech T-shirt (1) right electrodes (2) left
electrode (3) right leg electrode (4) AD8232 module
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D. ECG signal processing

The AD8232 module is designed to work with a single
lead 3-electrode configuration which outputs the filtered and
amplified ECG signal to be measured by an oscilloscope
from Picoscope series 2000. The presented ECG signals
represent the raw output of the AD8232 module with no
post-filtering or amplification.

E. Proposed tests

The following tests were realised sequentially, with the
precedent test conditions being used for the next test with
small modifications, in order to identify which variables
account as the most negative influence factors.

Test 1:

A reference ECG signal was acquired to be later used for
comparison, using conventional Ag/AgCl hydrogel
electrodes connected with PVC insulated copper wires with
the AD8232 module, to record the reference signal, placed
in the exact same locations as the dry electrodes shown in
Figure 2. The shirt was worn in a comfortable, natural
manner and the subject was sitting straight at ease.

Test 2:

The copper wires were replaced with woven stainless-
steel yarn on to the exterior of the shirt, in order to connect
the snap fasteners of the gelled electrodes to the AD8232
module.

Test 3:

The hydrogel Ag/AgCl electrodes were replaced with the
dry woven stainless-steel yarn electrodes embroidered on
the inside of the shirt, as shown in Figure 3. The dry
electrodes were placed on the right and left upper arms, as in
Figure 2, and connected with the existing stainless-steel
woven yarn used as ECG signal transmission wires to the
ADS8232 module.

Test 4:

A slight pressure on the electrodes on the right and left
upper arms, in order to increase the electrode-skin contact
and decrease impedance, was applied using a 3N force on
the left and right electrodes.

Test 5:

The 3 electrodes were wetted to simulate natural
perspiration during intense activities, using a solution of
salty water containing 1% NaCl. As literature indicates, this
greatly reduces the contact impedance between the electrode
and the skin and reduces greatly the motion artefacts that
deter the ECG signal acquisition during physical activities.
Test 6:

The subject lies down on its back in resting position.

Test 7:

The subject doing squats. The electrodes were still wet

with salty water.
Test 8:
The subject doing a cool-off after the squats exercise.

F. Results evaluation

This study used as a basis for signal quality the visual
evaluation of the ECG by analysis of the P, QRS and T
waves, the PR and QRS interval duration and regularities of
the QRS complexes [46]. The signal quality was classified
into 4 types, in comparison with the results from Test 1 used
as a fiducial signal, see Table 1.
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TABLE I. ECG RAW SIGNAL VISUAL EVALUATION CRITERIA

Result Visual evaluation method
Excellent Signal is indistinguishable from the reference
from Test 1
Good PQRST points are ejasﬂy identifiable as in
Fig.1
Poor Noise and artefacts make it difficult to identify
o0 waves and segments, excluding the R peaks
Unidentifiable Cannot identify R peaks
Secondly, we have used the HRV time-domain

measurements to quantify the indices mean RR interval,
standard deviation of all RR intervals (SDNN), square root
of the mean of the sum of the squares of differences between
adjacent RR intervals (RMSSD) and the number of pairs of
adjacent RR intervals differing by more than 50ms in the
entire recording (NN50 count) [32], [46-47] from the
acquired ECG signals.

Figure 3. A dry electrode made from stainless steel yarn woven into cotton
textile

IV. RESULTS AND DISCUSSIONS

Test 1:

Fig. 4 shows the resulting ECG signal from conventional
Ag/AgCl with hydrogel adhesive and insulated copper
wires. Movement artefacts caused minimal noise during
testing, such that the PQRST complex was, at all times,
clearly distinguishable.

AgSAGC tydrogel electrodes, solated copper wires, at sae

P

Figure 4. Ag/AgCl hydrogel commercial electrodes, insulated copper wires,
raw voltage output of the AD8232 module in a 5 seconds frame, subject
sitting at ease

Test 2:

The insulated copper wires were replaced with the woven
stainless-steel yarn on top of the shirt. Fig. 5 shows the ECG
signal in this scenario. There was no impact on the comfort,
as the wires were routed on the exterior of the shirt. The
results were nearly identical to the first test. The wires
proved to be a very good carrier for the ECG signal.
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Ag/Agl hydroge slectrodes, woven stainkess steel yern wires , ot ease

Figure 5. Ag/AgCl hydrogel commercial electrodes, stainless steel yarn as
transmission wires, raw voltage output of the AD8232 module in a 5
seconds frame, subject sitting at ease

Test 3:

The dry electrodes have no adherence with the skin and,
therefore, generate motion artefacts in the ECG signal. The
results were very much influenced by the movement of the
subject, by the pressure applied on the electrodes and by the
wetness of the electrodes, as already identified in tests of
several other papers [25], [36], [46], [48-52].

The majority of the 1-minute ECG recording resulted in a
poor signal where only the R peaks were distinguishable and
only when the subject was completely still. The ECG signal
was poor, as shown in Fig. 6.

N

ADEI3IT output, wires, pads, at aase, loosa T-shirt

Faga TV TS A

Figure 6. Dry electrodes, stainless steel yarn as transmission wires. raw
voltage output of the AD8232, subject sitting at ease
Test 4:

Pressure upon the two upper electrodes increased signal
quality from poor to good, while the subject was sitting at
ease, as shown in Fig. 7.

f

e
¥ ADE232 output, embroidered wires, embroidered pads, D(l-h/nlulnl!, subject sitting at case

B B P e e B R I

Figure 7. Dry electrodes, stainless steel yarn as transmission wires, pressure

applied on the top electrodes, raw voltage output of the AD8232 module in
a 4 seconds frame, subject sitting at ease
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Test 5:

Applying wetness to the electrodes - with salty water, a
good electrical conductor, - greatly increased the ECG
signal quality to excellent, as shown in Fig. 8.

ADBZNZ ravw output, dry electrodes « salty water, pressure applied, 55 wires

st

Figure 8. Dry electrodes, stainless steel yarn as transmission wires, pressure
applied on the top electrodes, salty water added on all 3 electrodes, raw
voltage output of the AD8232 module in a 5 seconds frame, subject sitting
at ease

Test 6:
Subject lying down. We observed a more stable signal,
with less noise, Fig. 9.

ADB2IZ rivw output, dey elecerodes » sally water » pressuns,551 wires, laid on the back

Figure 9. Dry electrodes, stainless steel yarn as transmission wires, pressure
applied on the top electrodes, salty water added on all 3 electrodes, raw
voltage output of the AD8232 module in a 5 seconds frame, subject sitting
laid down on its back

Test 7:

Subject doing an intense physical activity - squats. The
resulting ECG signal is poor, as even though it presents
clear R peaks but lacks the clear visual identification of the
P and T waves. Given the location chosen for the electrodes,
ECG interferences were not significant enough to distort the
signal, Fig. 10.

ADE232 raw mwl_t‘%m * prksure, S5 wies, squats

st

Figure 10. Dry electrodes, stainless steel yarn as transmission wires,
pressure applied on the top electrodes, salty water added on all 3 electrodes,
raw voltage output of the AD8232 module in a 5 seconds frame, subject
doing squats

Test 8:
Subject ECG signal acquisition during cool off, after
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doing squats, shows a better-quality signal than the one in
the previous test and has some PQRST complexes that can
be classified as good quality signal, allowing for short-term
HRYV analysis, Fig.11.

ADEN2 raw ouitput,dry electrodes + saity water + pressure, 55 wires.cool-off

)

Figure 11. Dry electrodes, stainless steel yarn as transmission wires,
pressure applied on the top electrodes, salty water added on all 3 electrodes,
raw voltage output of the AD8232 module in a 5 seconds frame, subject
during cool-off after squats

Table II shows the results of all the above tests.

TABLE II. TESTS RESULTS

Test Result Observation
1 - Conventional ECG system
Stainless steel wires capable of carrying ECG
2 Excellent signal on top of the shirt
3 Poor Dry stainless-steel electrodes had poor
performance
4 Good Pressure on the electrodes improved performance
5 Excellent | Salty water was a great contact impedance reducer
Short moments of rest by the patient could capture
6 Excellent excellent ECG signal
ECG acquisition of poor quality during exercise
7 Poor .
was possible
Good Short-term HRV during motion is possible

V. CONCLUSION

The problem of acquiring the ECG signal with the help of
textile or woven electrodes is of great interest and topicality.
The paper studies the feasibility of the acquisition and
transmission of ECG signals trough stainless steel yarn
electrodes embroidered into common clothing and
transmitted through stainless steel wires, without the use of
gels for electrodes (a solution that could be useful in
monitoring people at home). The authors have focused on
the currently available materials that are low-cost, widely
available and easy to integrate into common clothing, in
order to seek a simple yet fully functional ECG monitoring
system. The cardiologist uses the ECG signal for
surveillance, signal which can be transmitted over the
Internet. In addition, the physician realizes if something is
abnormal with the heart rate even only from the examination
of the R wave, which can be well seen also in poor quality
signals. Following the above tests, we are encouraged to
conclude that the system could provide a substantial amount
of useful information about the subject’s heart condition, in
order to become a telemedicine clinically approved solution.
Even if good and excellent results are obtained for static
positions of the subject, we easily observe that perspiration
plays a very important role in the electrode-skin impedance,
which translates directly to increased ECG signal quality,
making it suitable for future tests for monitoring people who
are exercising or are professional athletes, with the potential
to become truly ubiquitous. As a follow-up, we can try to
parameterize the ECG signal and, together with the
cardiologist, develop a numerical evaluation method.
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