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ABSTRACT

This paper presents a new dry ECG electrode printed on a textile substrate. The proposed manufacturing process permits cost-effective mass production. The ECG dry
electrode is obtained through screen printing a conductive silver ink coated with a biocompatible carbon layer. Three different designs combining two shapes
(circular and square) and two sizes were developed. The resulting measured impedances are similar to those obtained via a conventional electrode. The prototypes
were attached to a bracelet and used with a commercial electrocardiogram (ECG) device to register ECG signals. The dry electrodes were validated via ECG
monitoring and compared with a conventional wet electrode. The clinical interest intervals reported similar results and the QRS morphology presented slight dif-
ferences. Noise evaluation showed no notable differences for all the analyzed parameters.

1. Introduction

Health monitoring and its associated electronics have attracted
considerable interest from the scientific community in recent years. The
electrocardiogram (ECG) is the most common method to assess and di-
agnose cardiovascular diseases [1]. Ambulatory electrocardiography
(AECG) involves continuous ECG monitoring on an outpatient with a
Holter monitor device, while the patient goes about their daily activities.
Traditional uses of AECG for arrhythmia detection have broadened as
the result of increased use of multichannel, telemetered signals and
computation. Current AECG equipment provides for the detection and
analysis of arrhythmias and ST-segment deviation, as well as more so-
phisticated analyses of R-R intervals, QRS-T morphology including late
potentials, Q-T dispersion and T-wave alternans [2].

Wearable devices have become an active part of health monitoring.
They enable continuous monitoring of health parameters, opening up
endless possibilities. Wearables can also contribute to algorithm devel-
opment for the prediction, prevention and intervention of diseases [3].
In the field of cardiac health, since wearables can obtain long recordings
of an acceptable quality, they can adopt different types of analysis used
in AECG monitoring.

The most common types of noise in ECG signal acquisition are
baseline wander (BW), power line interference (PLI) and muscle arte-
facts (MA). In some cases, a contaminated ECG beat can hinder subse-
quent quality analysis. Noise mostly results from BW, as this type of
noise can be caused by respiration, body movement, poor electrode
contact or skin-electrode impedance [4]. The frequency spectrum of BW
ranges from 0.05 to 1 Hz, although in the case of respiration, the range is
between 0.15 and 0.3 Hz. MA noise is located in higher frequencies
(around 150 Hz). Noise in ECG measurements represents about 10% of
the ECG amplitude, generally with a bandwidth of between 20 and 1000
Hz [5].

Conventional ECG/AECG systems use silver/silver chloride (Ag/
AgCl) electrodes to register ECG signals. This type of electrode uses a gel
that functions as an electrolyte to decrease skin-electrode impedance.
This gel can produce skin irritation, allergic reactions or itchiness. In
addition, it can dry out during long recordings, potentially provoking
changes in signal quality.

To overcome these challenges, researchers have developed dry
electrodes that function without the need for any kind of gel [6]. One
group of these dry ECG solutions is based on smart textiles. This kind of
ECG electrode can be integrated into textiles, thereby offering a more
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Fig. 1. Parts of the multilayer printed electrode for the three designs: (a) Insulating material to protect the electrode layer and prevent the electrode from coming into
contact with the adhesive; (b) Electrode and track printed with a silver conductive ink; (c) Insulating material to prevent the conductive track from coming into
contact with the skin; (d) Protection of the electrode made with carbon ink; (e) 3D layout of the electrode showing the different layers.

comfortable solution, since they do not need to adhere to the skin and, as
they are integrated into the textiles, offer properties such as breath-
ability, flexibility and stretchability.

Smart textile ECG electrodes can be obtained by integrating
conductive fibers or threads during the manufacturing process through
weaving [7] or knitting [8]. Other approaches use electronic printing
[9], where conductive inks are deposited on the textile substrate and the
electrode is integrated on the substrate. Several printed electrode solu-
tions can be found, depending on the conductive material used. Some of
them use silver ink [10] to make up the electrode, due to good con-
ductivity and ease of printing. However, most metallic inks are based on
nanoparticles that present certain health risks, making them unsuitable
for contact with the skin [11]. Recently, research has been conducted
using carbon as the conductive material due to its biocompatibility. In
[12], a carbon-based electrode is proposed, entailing lower conductivity
due to the nature of carbon. Other studies have successfully selected
carbon nanostructures such as graphene [13] or carbon nanotubes [14].
Although these solutions show very promising results, they still have
high production costs. Other promising printed electrode techniques,
not related to smart textiles, include tattooing methods [15]. In this case,
the main challenge is the electronic conditioning of the signal, which can
prove less reliable and robust [16].

One of the main challenges of textile ECG electrodes is the
manufacturing process in terms of cost and mass production.
Manufacturing that involves weaving or knitting has certain limitations
when it comes to creating electrodes with identical dimensions. More-
over, they must be positioned correctly for each garment and size. These
conditions usually lead to high costs, especially for mass production. The
manufacturing process using electronic printing presents some limita-
tions because, to maintain reasonable costs, printing must be applied
before making the garment. This requires precise positioning of the
electrodes when cutting out the fabric after tracing the patterns prior to
assembly.

This article presents and evaluates a new dry textile electrode design
that also allows for an alternative manufacturing solution. On the one
hand, the electrode is screen-printed using a high conductivity material,
silver ink, which is combined with a biocompatible carbon layer to
protect the subject’s skin. On the other hand, the proposed method in-
volves an initial printing of the electrode on a plastic or paper substrate
that is subsequently transferred to the textile by applying heat. This
allows the electrodes to be attached in a certain position even after the

garment has been made. More importantly, the proposed solution can be
applied to different fabrics or garments, facilitating manufacturing in
the value chain. The design has been evaluated using ECG recordings
from 10 subjects and compared to those produced by high-end, off-the-
shelf disposable gelled Ag/AgCl electrodes. The results are reported in
terms of the most common intervals in AECG, waveform morphology
and noise content.

2. Materials and methods
2.1. Materials

Polyamide/Lycra knitted fabrics with a weight of 140 g/m? and a
thickness of 0.5 mm were used. This textile was selected to offer some
stability whilst maintaining elasticity. The elastic property enables the
application of enough force for the electrodes to come into contact with
the skin at the right pressure. Dycotec DM-SIP-2001 ink with a high
silver content was selected for printing the electrodes. This ink offers a
solid content of between 66% and 73% and a stretchability performance
of up to 140% on most substrates. This ink is used in general electronic
printing applications and presents stretchable properties suitable for
wearables. CAP-4301 carbon ink was used to encapsulate the silver
electrode and prevent it from coming into direct contact with the skin.
Finally, an encapsulating ink was used as insulation to protect the
conductive ink. The ink is Dycotec DM-ENC-2500 which has suitable
properties for wearable and medical devices. This ink paste is appro-
priate for textile printing due to its elastomeric properties and stretch-
ability. In addition, a thermo-adhesive layer was applied to permit
adhesion to the textile. Finally, a metal snap connector was placed on
the textile electrode to connect it to the leads of an ECG recording
module.

2.2. Fabrication methods

2.2.1. Design of the electrode

The electrode is composed of four layers. The first layer insulates the
electrode from the adhesive. The second layer is a highly conductive
material, silver ink, which facilitates the electrode function, as well as
the connection with the snap connector. The third layer consists of an
insulating ink that prevents the electrode track from coming into contact
with the skin. And finally, a material deposited on the conductive
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Table 1
Dimensions of the different designs and the conventional Ag/AgCl ECG
electrode.

Shape Radio / Side Length Area (mm?) Image

CE R =4 mm 50.26 mm?

SE L =10 mm 96.57 mm?

BSE L =20 mm 396.57 mm?

RE R =5.01 mm 79 mm?
®
/

electrode comprises the fourth layer. This material, a carbon ink, is less
conductive than the first, but ensures good contact with the skin. Fig. 1
shows the arrangement of each of the printed layers.

Three electrode designs with different shapes (circular and square)
and sizes were considered to evaluate the behavior of the ECG electrode.
Table 1 shows the dimensions of the different designs. The electrodes are
denoted CE (Circular), SE (Square), BSE (Big Square) and RE (Reference
Ag/AgCl). The corners of the squares are rounded, thereby reducing the
surface area.

2.2.2. Printing

The screen-printing method was selected due to its cost and versa-
tility. It offers a wide range of ink types compared to other printing

(a)
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methods such as inkjet or flexography. In addition, this technique uses
inks with a high viscosity that allows a thick layer deposition, ensuring
the stability of the printed material, as well as high conductivity. The
printing was carried out on a temporary plastic substrate that fulfils two
functions. Firstly, it permits homogeneous printing due to the uniformity
of the surface, overcoming problems derived from printing directly onto
the textile, such as loss of conductivity due to the thickness or roughness
of the textile [17]. Secondly, it is suitable for transferring the electrode
to a fabric by heat-sealing. All the inks were gently stirred following the
manufacturer’s instructions in order to ensure good dispersion and al-
ways avoiding the formation of bubbles. The printed samples were cured
at 140 °C for 30 min in an oven.

2.2.3. Heat-sealing

The heat-sealing process enables the transfer of a print located on a
temporary substrate onto a textile. To this end, a final layer of adhesive
was applied after the printing process. The electrode was placed on the
fabric before heat and pressure were applied to transfer it onto the
fabric. This way the print adheres to the fabric and subsequently the
transfer material is removed. For this transfer, 150 °C of heat and 10 bars
of pressure were applied for 10 s.

2.2.4. Bracelet manufacturing

Once the electrodes were placed on the textile using a heat-sealing
technique, a snap-type button was attached. These snaps are made of
brass, a conductive alloy of copper and zinc. The brass snap used is
nickel-plated to ensure durability and protection against oxidation. This
connector is subsequently used to connect the measurement equipment.
The design incorporates a pigtail track to avoid any force derived from
the connector that could affect electrode performance. Finally, a double
fabric bracelet was manufactured using a conventional sewing process
to test the electrodes. The electrodes are located in the inner tissue,
while the snaps to connect the measurement equipment remain on the
outside. The bracelet also incorporates a velcro-type fabric so that it can
be adjusted to the dimensions of the arm or wrist to be placed where
needed. Fig. 2 shows the prototype.

Fig. 2. Detail of the bracelet. (a) inner layer; (b) outer layer; (c) bracelet form.
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Fig. 3. (a) Location of the bracelets on the forearm for electrode characterization; Impedance measurements for the proposed dry ECG electrodes and RE: (b)
magnitude (c) phase.
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Fig. 4. One subject recording for all the electrodes (QRS fiducial points in red,
P waves in green and T waves in yellow). The TP segment used in the analysis is
shown in a pink dotted window. RR, QT and ST intervals are indicated using
black arrows. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

2.3. Measurement methods

2.3.1. Electrical conductivity measurements

Textile electrode impedance was measured and compared with
medical grade Ag/AgCl wet electrodes (Ambu WhiteSensor WS 00 S/
50). To determine the ECG electrode impedance, a frequency sweep
from 20 Hz to 1 MHz was carried out with a LCD meter (BK PRECISION
model 895). For these measures, the ECG electrodes were located on the
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forearm at a distance of 10 cm apart (Fig. 3a).

2.3.2. Signal acquisition

Ten voluntary healthy participants gave their informed consent
(eight male and two female, age: 23 + 2 years). Five recordings were
made for each subject. Four of them corresponded to sequential re-
cordings using the four electrodes. The last recording was a simulta-
neous register of the four electrodes. The signals were acquired for
periods of 10 s by means of a pair of disposable gelled Ag/AgCl elec-
trodes (White Sensor WS-00-S, Ambu) and two bracelets with the three
proposed textile electrodes on each one. The electrodes were located
close together on the right arm (RA) and on the left arm (LA). In all cases,
the recording corresponded to Lead I (LA — RA) of the standard ECG. The
total recording time was 1 h and 10 min, with each subject taking
approximately 7 min.

Differential electrical signals were amplified (x200) and band
filtered between 0.1 Hz a 100 Hz (-6 dB) using a Grass amplifier (CP511
AC amplifier, Grass Instruments. Signals were digitized at 1 kHz using a
multifunction Data Acquisition System from National Instruments (NI
USB-6008 DAQ). The recordings were simultaneously acquired using an
ECG standard recording system developed in our laboratory.

2.3.3. ECG signal processing

In order to obtain many of the intervals and other features described
in the Introduction section, the first step was the estimation of the
fiducial points from the ECG. For the data to be more reliable, some
digital pre-processing of the ECG was performed, consisting of a band-
pass filter and isoline correction. All processing was done using the open
source toolbox “ECGdeli” from MATLAB [18].

Once the fiducial points were obtained, the next step was the esti-
mation of the most representative intervals used in clinical practice: RR,
QT and ST for each of the 10 s recordings (Fig. 4). Next, a morphological
analysis of the QRS complex was carried out, as commonly applied in
AECG analysis. In this case, the Pearson correlation coefficient (p) of two
adjacent QRS complexes was estimated.

2.3.4. ECG noise evaluation

To estimate the effect of the noise, the TP segment was chosen as the
isoelectric interval as it is the longest and most representative segment
(pink dotted window in Fig. 4). The baseline was corrected using signal
processing, implementing a median filter with partial overlapped win-
dows, interpolating the values of the local median for each window.

The signal-to-noise ratio (SNR) was computed in order to evaluate
the influence of noise in the acquired signals using the following for-
mula:

SNR(dB) = 20log,, (LP-QRS) b}
40_n0[sz

where Vj, ors corresponds to the peak-to-peak voltage obtained
from the median of the maximum and minimum values of the QRS
complex for each beat. The value oy,jse represents the median of the
standard deviation of the noise corresponding to each isoelectric TP
interval.

To determine the influence of BW and MA noises, a residual signal
was obtained by subtracting the corresponding band-pass filtered ECG
from the raw signal. In this way, all contributions below 0.67 Hz (BW)
were included in the low-frequency analysis [19], whereas the ones
corresponding to higher frequencies are mainly due to MA. The root-
mean-square (RMS) value was also computed on each residual interval.

Finally, a frequency domain analysis was carried out. The power
spectral density (PSD) of the residual signal was computed using a Welch
periodogram (50% overlapped). The ratio of power corresponding to the
most characteristic interval of the BW noise (PSD[0-0.67 Hz]/PSDy) as
well as that of the MA noise (PSD[60-150 Hz]/PSD) were estimated.
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Fig. 5. (a) Box plot of the RR, QT and ST intervals for the 10 subjects. (b) Box
plot of the intra-beat correlation of the 10 subjects. x corresponds to the
average values.

3. Results
3.1. Electrode characterization

Impedance results (Fig. 3b and 3c) are consistent with electrode
models [15], using the traditional Cole model to represent the skin and a
resistor followed by a capacitor to represent electrode resistivity and
skin connection. As expected, a bigger electrode area provides lower
impedance. Small square electrodes provide the nearest results in terms
of impedance to the medical grade Ag/AgCl wet electrode.

3.2. ECG intervals and morphology comparison

Fig. 5a summarizes the values of the RR, QT and ST intervals for the
10 subjects using a Box Plot. Bearing in mind that recordings were taken
sequentially (one electrode after the other), the results were as expected
and the variability corresponds to typical inter-subject variance. The
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Fig. 6. For each electrode (a) SNR values. (b) RMS values of the low frequency
content of the residual signal.

mean and standard deviation of the difference between intervals for
each dry electrode and RE is close to zero. For the simultaneous re-
cordings, in the case of the RR-intervals, the differences between the RE
electrode and each dry electrode are 0.017 + 0.042, 0.038 =+ 0.066 and
0.030 4 0.052 (CE, BSE, SE). Therefore, all the electrodes are suitable
for RR, QT and ST interval analysis after the application of the digital
signal preprocessing. Fig. 5b shows the results of the Pearson correlation
coefficient (p) of two adjacent QRS complexes. A high degree of corre-
lation (median > 0.9) can be observed in all the electrodes except in CE.
A high level of variability was found for CE and BSE due to those cases
where the QRS complexes are different.

3.3. ECG noise evaluation

Fig. 6 shows that the median SNR values obtained are similar for the
four types of electrodes (around 30 dB), whilst the variability is lower for
RE. Although initially higher SNR values were expected for the big
square (less impedance), the empirical results do not confirm this
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Fig. 7. (a) PSD (up to 1.5 Hz) for one of the subjects. (b) Power proportion for
low frequencies (BW). (c) Power proportion for high frequencies (EMG).
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assumption, possibly due to the observations made in [20], which noted
that the electrode—skin impedance magnitude or phase is not sufficient
to establish a relation with the SNR. With regard to the baseline artifact,
the higher value corresponds to CE and the lowest to RE. The RMS values
of the low frequency content of the residual signal are similar in all
electrodes. Both small dry electrodes are around 9 mV.

Fig. 7a shows the low band PSD of the residual signal for a repre-
sentative case. As can be observed, the BW noise contribution is higher
for the small electrodes (CE is much higher than SE), while the lowest
corresponds to BSE. With regard to the power ratios, for low frequencies
(Fig. 7b), values are close to 1, even at such a small interval in com-
parison to the total, which shows that BW noise most affects ECG signals
in controlled environments. Finally, Fig. 7c shows the effect of noise due
to the MA. The values are close to zero and can thus be considered to be
non-significant.

4. Conclusions

This study presents a new dry ECG electrode printed on a textile
substrate. The electrode combines four layers to obtain a biocompatible
dry solution. The upper layer, which comes into contact with the skin,
contains a carbon coating that prevents the skin coming into direct
contact with the silver ink, enabling the use of dry electrodes. With re-
gard to the manufacturing process, the proposed method, based on
thermo-sealing, permits the ECG electrode to be easily attached to any
garment, enabling cost-effective mass production.

The proposed dry electrodes have been validated by comparing them
with a conventional wet Ag/AgCl electrode. In terms of impedance, the
results are as expected. Larger areas provide lower impedance values.
With regard to the temporal ECG intervals, after applying conventional
digital processing, the results are similar for all cases, especially in the
case of RR intervals, one of the most commonly used intervals in clinical
practice. The difference compared to the reference electrode is almost
zero. In terms of the QRS morphology, although some variations are
noticeable, the results are as expected, and a high correlation is found.
With regard to noise evaluation, for all the analyzed parameters, there
are no notable differences. The noise is concentrated on the low band
and the lowest noise values are obtained for the big square electrode. It
is possible to conclude that, for the static conditions of the study, any of
the electrodes could be used. Future studies will look to analyze the
influence of the contact of the electrodes and the behavior of the elec-
trodes with subjects during their daily activities.
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