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Abstract: A wearable ECG monitoring system was developed by integrating embroidered electrodes,
and the collected ECG waveforms were comparable to those obtained using gelled Ag/AgCl elec-
trodes. The R-peak amplitude was 2.09 mV with a 42.9 dB SNR for signals acquired using embroidered
electrodes. The ECG signal quality was observed to improve with an increase in electrode size and
holding pressure. ECG signals were recorded while the subject was in a walking condition, resulting
in detectable waveforms with no missing R-peak and a 30.13 dB SNR which were comparable to
signals acquired using standard gelled electrodes under the same conditions. Overall, these results
are promising for developing an applicable wearable ECG monitoring system.
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1. Introduction

Portable biosignal monitoring devices allow individuals to record their health status in
their homes without going to a hospital [1,2]. However, most of these technologies require
trained experts for implementation, and cumbersome wires make them inconvenient for
long-term use [3,4]. To overcome this problem, several wearable physiological monitoring
systems have been developed over the past two decades to continuously monitor patients’
health status (e.g., heart performance) while they are outside the hospital in their environ-
ment. Wearable sensing systems aid the daily acquisition and processing of multiparametric
health data, providing early detection of physiological activities and other health indicators
without intervening in the patient’s daily life. Wearable ECG monitoring devices can be
used as an affordable substitute solution for health monitoring. They can reduce the cost
of medical services in hospitals as people can perform ECG measurements in their homes
without the presence of medical staff, in addition to promoting and improving the quality
of life for people with disabilities and chronic illnesses, as well as for aged persons [5].

Wearable health monitoring products may comprise various types of sensors that can
be integrated into watches, wristbands, belts, different garments, and textiles or directly
into the skin [6-8]. Textile-based wearable sensors have been gaining strong interest as
they are suitable for long-term and large-scale monitoring. Textile electrodes and cables are
among the most common applications of wearable sensors, offering advantages because
they can be integrated unobtrusively into clothing, are comfortable to wear, and can be used
in long-term measurements. The integration of textile-based sensors and interconnection
tracks into textile clothing can be carried out at different stages [9,10].

In this study, embroidered textile electrodes were developed, and a wearable ECG
monitoring system was created by integrating textile ECG electrodes into a commercially
available shoulder strap (position corrector). The effects of electrode size, holding pressure
(tightness of the shoulder strap), electrode position, and electrode structure on the ECG
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detection performance of the electrodes were studied, and the results were compared with
signals collected using gelled silver/silver chloride (Ag/AgCl) electrodes.

2. Materials and Methods
2.1. Materials and Electrode Development

A fully silver-plated polyamide thread (Madeira HC-40) was used as the embroidery
yarn, and a gray woven fabric with a yarn density of 37 ends/cm and 17 picks/cm was
used as the base material to develop embroidered textile electrodes. Gray woven fabric was
selected as a base material for embroidery to minimize the shirking effect and damage to the
fabric during machine embroidery. The electrodes were designed using Ink/Stitch software
(v3.0.1), an embroidery plugin for the vector drawing program Inkscape, and created
using a computerized embroidery machine. The design was uploaded to a computerized
embroidery machine (Brother PE800). The electrodes were developed with a stitch length
of 1.5 mm, and the total yarn consumption for each electrode was 3.6 m.

In all the developed textile electrodes, a metallic snap button was attached to connect
to the wires of an ECG recording module; during all ECG tests the connecting track of
the electrode was shielded with plastic tape to prevent contact with the skin, and only the
active part of the electrode was in contact with the skin.

2.2. ECG Measurements

A wearable ECG monitoring system was developed by integrating embroidered ECG
electrodes into a commercially available shoulder strap. The pressure exerted on the human
body varies from point to point. The selection of the best position for the placement of the
electrodes that can ensure conformal skin-electrode contact is very important [11]. In this
study, we collected signals from around the armpit.

ECG signals were collected from persons wearing shoulder straps with embroidered
electrodes, using a portable PC-80B easy ECG monitor. The measuring electrodes (right
arm and left arm) were placed on the right and left armpit, and the third ground electrode
was placed around the lower chest in a lead I configuration, where the electrodes were
embedded inside a shoulder strap with Velcro to hold the electrodes in place with uniform
skin-electrode contact (12 mmHg) during any body movement. We also collected ECG
signals using standard electrodes (Ag/AgCl) for comparison with asynchronous ECG
recording methods.

The effect of electrode size on ECG signal quality was also studied. To study the effect
of the electrode dimensions, electrodes of three different sizes (12 cm?, 8 cm?, and 4 cm?)
were developed, as shown in Figure 1. The P, R, and T peaks’ visibility and amplitude,
as well as signal intervals such as the PR, QT, and QRS intervals, were used to analyze
the collected signals. Since the viewer lacks an export option, the ECG viewer manager
program (V5.2.0.1) was used to calculate the amplitude of each peak and noise from
33 consecutive cardiac cycles for each sample. By calculating the size of the highest and
lowest deflections, the amplitude of peaks and sounds was measured. The signal-to-noise
ratio (SNR) of the measured voltage was calculated as the ratio of the QRS amplitude to
the amplitude of the noise [12].

Figure 1. Developed ECG electrodes in different three sizes.

3. Results and Discussions

The ECG signal was collected using the developed wearable system with textile
electrodes from the armpit while the subject was in a sitting position and signals were taken
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using gelled Ag/AgCl electrodes from the same position for comparison. Figure 2a,b show
ECG signals collected using embroidered electrodes (8 cm? size) at a holding pressure of
12 mmHg (0.15 N/cm?) and gelled Ag/AgCl electrodes, respectively.
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Figure 2. ECG signals taken from the armpit using: (a) the wearable system with embroidered
electrodes; and (b) Ag/AgCl electrodes.

The results show that the three major waveforms, i.e., P, QRS, and T waves which are
very crucial in ECG signals are visible in all the ECG signals. The quality of the signal taken
by embroidered electrodes is comparable to the signal collected using gelled electrodes
(Figure 2b). The P wave amplitude was almost similar in all signals which were 0.08 mV.
The R-peak amplitude was 2.09 mV and 1.99 mV for signals taken using embroidered and
gelled Ag/AgCl electrodes, respectively. It was observed that both ECG signals showed
lower fluctuation in R-peak amplitude and a higher signal-to-noise ratio (SNR) which was
42.90 dB and 42.47 dB for signals taken using embroidered and gelled Ag/AgCl electrodes,
respectively. Pearson correlation coefficient was calculated to compare the similarity of
the signal collected using the textile electrodes and standard gelled Ag/AgCl electrodes
based on the amplitude of the major waveforms. The correlation between the signals was
very high, i.e., ~0.90. The average HR was 75 bpm and 68 bpm for signals acquired using
embroidered and gelled Ag/AgCl electrodes, respectively. The expected value for HR is
60-100 bpm [13].

ECG signals collected while the subject was walking at 12 mmHg holding pressure
(results not shown here) have recognizable major peaks, but the signals contain motion
artifacts and the SNR was lower, for instance, the SNR of the signals acquired using embroi-
dered electrodes was 30.13 dB which is lower than signals taken under static conditions
which were 42.90 dB. ECG signals collected at a contact pressure of 18 mmHg and 12 mmHg
holding pressure also provided cF8lear signals with distinguishable waves in all cardiac
cycles with better amplitude compared to signals taken at 6 mmHg.

Table 1 presents the amplitude of the major waveforms in millivolt (mV), the duration
of signal intervals in milliseconds (ms), the average heart rate (HR), and the signal-to-noise
ratio (SNR) of the acquired signals. The P wave amplitude of the acquired signals was
approximately the same while the mean amplitude of the T wave shows some increase
in amplitude as the electrode size becomes large. A significant difference was noticed
between the T wave amplitude of the signals from small-size electrodes compared to the
other electrodes (p-value < 0.001, alpha = 0.01), but the signals from large and medium-size
electrodes do not show a significant difference. The standard value for normal T wave
amplitude is 0.1-0.5 mV and all the results were in this range. The R-peak amplitude
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was significantly higher. The SNR was relatively high compared to previously reported
results [12,14].

Table 1. Comparison of signals from large (12 cm?), medium (8 cm?), and small (4 cm?) electrodes.

Waveforms and Electrode Size

Intervals 12 cm? 8 cm? 4 cm?
P (mV) 0.08 + 0.01 0.08 + 0.02 0.08 + 0.02
R-peak (mV) 2.12 +0.07 2.09 +0.08 1.99 + 0.06
T (mV) 0.88 4+ 0.03 0.85 4+ 03 0.73 + 0.04
PR (ms) 162 £5 158 £ 7 142 £ 7
QRS (ms) 96.31 £+ 4.15 96.15 + 4.16 96.69 + 3.04
QT (ms) 349.85 + 6.73 356.69 + 5.25 359 4+ 3.77
SNR (dB) 4353 42.90 41.96
HR (bpm) 72 73 69

4. Conclusions

In this study, we developed a wearable ECG monitoring system by incorporating
embroidered electrodes into a shoulder strap. We collected ECG signals while the subject
was wearing the shoulder strap in both static and dynamic conditions, with electrodes
placed in the armpit area. We then compared these results with signals obtained from
traditional gelled Ag/AgCl electrodes. The ECG waveforms collected while the subject was
in a seated position using textile electrodes were clearly visible in all signals and exhibited
a level of comparability with signals gathered using gelled Ag/AgCl electrodes.

The R-peak amplitude was 2.09 mV with a 42.9 dB SNR for signals taken using
embroidered electrodes. It was observed that ECG signal quality improves with an increase
in electrode size and holding pressure. ECG signals were acquired while the subject was in
a walking condition, resulting in detectable waveforms with no missing R-peak. The SNR
of the signals acquired using embroidered electrodes was 30.13 dB. Overall, the results are
promising for the development of an applicable wearable ECG monitoring system.
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