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Abstract
This study determined the conditions for textile electrode sensors combined with a garment-type wearable platform to moni-
tor daily cardiac activity. Six types of textile sensors were implemented by manipulating the size and configuration of textile 
electrodes. Each sensor was attached to a chest band to fabricate experimental garments, which were sequentially worn by ten 
healthy males. Their electrocardiogram (ECG) signals were measured using the modified Lead II method. We sampled ECG 
signals at 1 kHz using a Biopac ECG100 device. The signal power ratio of the ECG signals acquired from each electrode was 
calculated, and statistical analysis was performed. The results indicate that convex electrodes detect higher quality signals 
than flat electrodes. However, no significant difference was observed in the performance of cardiac activity acquisition in 
terms of electrode size. These results validate that the type of configuration, namely flat or convex, significantly impacts the 
performance of cardiac activity signal acquisition. Additionally, correlation coefficients, mean error, and Bland–Altman plots 
revealed a strong positive correlation, low mean error, and adequate agreement, respectively, between ECG and all textile sen-
sors. The study’s findings form the basis for implementing a wearable platform that integrates textile sensors with garments.

Keywords Textile electrode sensor · Cardiac activity · Wearable platform · Smart healthcare

1 Introduction

In the healthcare market, a paradigm shift from therapeu-
tic to preventive and predictive purposes is accelerating to 
satisfy the growing medical needs of aging societies and 
the increasing number of chronically ill patients. In addi-
tion, there is a growing demand for smart wearable devices 
that can detect vital signs without interfering with users’ 
voluntary actions at work, in sports activities, at home, or 
in clinical environments [1]. Therefore, personalized smart 
healthcare has become highly significant. Smart healthcare 
involves generating and collecting healthcare data using ICT 
or biotechnology. These healthcare data can be classified 
into genetic information, personal health records (PHRs), 
and electronic medical records. Among them, PHRs are 
the data obtained from the daily life activities of a person, 
including their blood sugar level, blood pressure, electrocar-
diogram (ECG), amount of exercise, and diet information. 
These data are primarily generated and collected through IoT 
devices and smartphone applications [2, 3].

In general, cardiac activity is an important metric for 
body condition monitoring, particularly in terms of preven-
tive treatment in sports as well as general medical treatment 
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[4]. Among the various biometric information that can be 
measured from the human body, ECG signals reflect the 
heart’s activity state depending on activity conditions and 
the occurrence of lesions. Therefore, if ECG signals can 
be detected in an unconstrained and non-intrusive manner 
during daily activities, they can serve as essential PHR data.

However, it is practically difficult to attach the 12 clin-
ical-standard electrode leads to the entire body for 24 h to 
detect ECG signals in daily life [5–13]. In addition, moni-
toring using conventional sensor technology often causes 
many problems; for example, it has been reported that skin 
irritation and allergic contact dermatitis can be caused by 
the adhesive parts and gels used in conventional ECG sen-
sors [14]. The ultimate aim of wearable sensor technology 
is to enable continuous monitoring of human physiological 
responses while minimizing the burden of sensor attach-
ment [15]. Accordingly, we assumed that it is necessary to 
embed electrodes in a wearable platform to achieve smart 
healthcare and detect ECG signals in an unconstrained and 
non-intrusive manner in daily life. Furthermore, we focused 
on the results of previous studies [6, 11–13, 16–20] that 
investigated the types, configurations, and locations of elec-
trodes, which significantly impact the efficiency of obtaining 
ECG signals through a wearable platform. Particularly, the 
effect of the contact textile electrode configuration on the 
cardiac activity signal acquisition was analyzed using six 
types of contact textile electrodes based on the configuration 
conditions of the electrodes. Furthermore, by comparing the 
cardiac activity signal sensing performance of each elec-
trode condition, we determined the conditions of each type 
of textile electrode that is most suitable for cardiac activity 
signal acquisition. In addition, noise from muscle movement 
should be considered as a significant factor affecting the 
reliability of cardiac activity measurement; however, previ-
ous studies related to developing textile sensors have not 
examined this point in depth. Thus, the aim of this study was 
to determine the conditions for textile electrode sensors on 
a garment-type wearable platform to monitor daily cardiac 
activity while considering muscle movement conditions.

2  Background

2.1  Wearable Cardiac Activity Signal Sensing 
Technology

A typical wearable cardiac activity signal sensing platform 
comprises a textile electrode unit corresponding to the input 
interface, textile signal wire unit, device unit, and wearable 
platform on which they are mounted. In the early 2000s, 
research on wearable cardiac activity signal sensing technol-
ogy involved attaching various small devices and wires to the 
conventional band- or garment-type platforms. Concurrently, 

the development of electrodes and signal wires for wearable 
cardiac activity signal acquisition started using carbon fibers 
and metallic yarns. After 2006, electrodes and signal wires 
for sensing ECG signals began to be developed in textile 
forms using different materials, such as silver- or copper-
based metallic yarns, carbon fibers, and conductive poly-
mers. Wearable cardiac activity signal sensing technology 
advanced further from the beginning of 2010, with textile 
electrodes and signal wires being developed for sensing 
ECG signals using graphene, silver nanowires, different con-
ductive polymers, and silver nano-material-based metallic 
yarns. Moreover, research and development on system-on-
textile technology began to produce conventional control 
unit-based electrical circuits in the form of textiles [7, 8, 
10, 21–25].

2.2  Textile Electrodes for Cardiac Activity Signal 
Sensing

In the clinical field, disposable Ag/AgCl metallic electrodes 
are used to measure ECG signals. However, allergic reac-
tions may occur when these electrodes are attached to the 
human body surface using an electrolyte gel. Therefore, they 
cannot be used for a prolonged period as they are easily oxi-
dized. To address this, textile electrodes that can replace Ag/
AgCl metallic electrodes have been developed in the field 
of wearables; these textile electrodes can be attached to the 
human body for a prolonged period to monitor cardiac activ-
ity signals [6–13, 18–22]. Typically, textile electrodes are 
based on resistance, piezoelectric voltage, capacitance, and 
inductive capacity measurement methods. They are usually 
categorized depending on whether they are in contact with 
the human body.

Contact-type textile electrodes are the most common type 
used for wearable cardiac activity sensing. They acquire 
ECG signals only when the skin and electrodes are in con-
tact. Their limitation is that the signal acquisition terminates 
or measurement noise occurs if a gap exists between the skin 
and an electrode or the position of the contact point changes 
owing to the movement of the wearer. ECG signals measured 
using contact-type textile electrodes are generally based on 
the resistive or piezoelectric measurement principle.

Song et al. [7], who developed contact-type textile elec-
trodes, designed them in the jacquard weaving style using 
silver-based metallic yarn to measure ECG signals. They 
fabricated four types of electrodes based on each combi-
nation of electrode configuration (convex and flat types) 
and conductive paste application (with and without) and 
compared the cardiac activity signal sensing performance 
of the four electrodes. They determined that the sensing 
performance was best when the ECG signals were meas-
ured using a convex-type electrode coated with a conduc-
tive paste. Cho et al. [8] developed silver yarn-embroidered 
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textile electrodes to evaluate the ECG sensing performance 
of four types of biometric signal sensing smart garments 
(chest-belt-type, cross-type, X-type, and curved-X-type). 
They measured the displacement of the electrodes in the 
standstill and moving states using ECG measurement experi-
ments and analyzed the ECG signals. They reported that the 
“cross-type” garment was the most effective for ECG meas-
urement. Cho and Lee [13] examined the cardiac activity 
signal sensing performance considering various induction 
positions of the contact-type cardiac activity sensing elec-
trodes. The results indicate that the parts on the garment 
where the detection rate of valid signals was the highest, 
signal size was large, and signal quality was the best despite 
the movement of the body were between the vertical and 
sidelines of the nipples, below the chest circumference line.

One measurement principle of the non-contact-type tex-
tile electrode for cardiac activity signal sensing involves 
a magnetic-induced conductivity-based heart rate sensing 
method. This method is relatively less affected by motion 
compared to the electric field-based heart rate sensing 
method. Herein, the measurement principle is that when a 
time-varying magnetic field is applied to stimulate tissues in 
the body (e.g., muscles), eddy currents are generated and the 
re-induced magnetic field triggers a change in the inductance 
of the excitation coil, which varies the oscillation frequency 
[26].

Gi et al. [18] developed a textile-based inductor-type 
sensor structure using a computer embroidery method and 
compared the obtained mechanical ECG signals with Lead 
II ECG signals. The experimental results indicate that the 
textile-based inductor-type sensor is feasible for measur-
ing ECG signals, as it exhibited a high correlation with the 
corresponding signals. Koo et al. [17] analyzed the effect 
of a textile-based inductive coil sensor on the heart rate 
measurement. They explored eight potential positions of 
the inductive coil sensor through a pilot test and selected 
three sensor positions. The result verifies that the position 
of the textile-based inductive coil sensor affects the quality 
of measurement result significantly. Gi et al. [19] investi-
gated the effects of the position and shape of the electrode on 
the cardiac activity signal acquisition in magnetic-induced 
conductivity-based cardiac activity sensing. They reported 
that the dual-electrode type of the oval–oval shape is better 
suited for comprehensively overcoming the individual dif-
ferences in the heart location.

3  Methods

3.1  Participants

Ten healthy males aged between 22 and 29 years (mean 
25.2 ± 3.4) participated in the experiment of this study. 

Their average body shape was suitable for the cardiac activ-
ity measurement experiments. All participants were right-
handed and had no medical or family history of cardiovas-
cular and autonomic nervous system disorders. Additionally, 
the participants were required to abstain from alcohol, 
cigarettes, and caffeine for 24 h prior to the experiment. 
A consent form was signed by each participant to comply 
with the research ethics regulations, and the experimental 
protocol for measuring cardiac activity was explained to all 
participants.

3.2  Implementation of Textile Electrodes

The potential difference generated by the electrochemical 
reaction occurring in the boundary layer between the human 
body and electrode is referred to as the electrode imped-
ance, which serves as electrical noise in the signal acquisi-
tion. When the electrode comes in contact with the stratum 
corneum of the skin, the contact impedance decreases with 
the increase in the contact surface area. In this study, we 
increased the stickiness between the skin and electrode using 
the structure of the electrode to increase the contact surface 
area. This in turn reduced the electrical noise, and high-
quality signals were obtained.

The structure of the electrode was divided into variables 
of two aspects, namely the size and configuration (flat or 
convex). The dimensions of the electrodes implemented 
were 1 × 1, 2 × 2, and 3 × 3 cm. In terms of the configuration, 
we implemented satin-embroidered three-dimensional (3D) 
convex electrodes by inserting a piece of conductive rubber 
in the back of the electrode, whereas the flat electrodes were 
embroidered in a flat shape using a common satin embroi-
dery method. Six types of cardiac activity sensing electrodes 
were fabricated by combining the aforementioned three sizes 
and two configurations. The 280-denier conductive yarn 
(PE-Silver plated Nickel hybrid yarn) was used as the elec-
trode material, which was computer-embroidered on nylon 
fabric. To obtain the ECG signals using the modified Lead 
II method, we fabricated six types of triangular induction 
electrode sets, each including one ground (RLD) electrode 
and two induction electrodes (RA, LL), as shown in Fig. 1. 
Although the configurations of the electrodes differed in the 
electrode sets, the distance between the electrode centers 
was identical, and the length of the wire was maintained 
constant.

3.3  Experimental Environment and Protocol

Figure 2(a) depicts the positions (V1 to V6) of the clinical 
chest induction electrodes. The electric field-based contact 
textile electrodes for conventional cardiac activity mon-
itoring are positioned between V3 and V4 [8]. The six 
induction electrode sets were attached to the same chest 
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band, and all participants wore the chest band such that 
the electrodes were in contact with the same positions on 
the body. In other words, the center of RA in the modified 
Lead II method was positioned horizontally on the nipple 
line, whereas the center of RLD was positioned on the cen-
terline of the body. Furthermore, to verify the reliability of 
the ECG signals obtained using the electrodes employed in 
this study, the clinical Ag/AgCl electrodes were attached 
to the body using the standard Lead II method. The corre-
sponding ECG signals were simultaneously measured and 
used as reference signals. In the Ag/AgCl electrodes, RA, 
LL, and RLD were attached to the right shoulder, lower 
left of the torso, and lower right of the torso, respectively. 
The ECG signals of all participants were measured when 
standing still and quickly walking in place for 20 s; they 
were continuously measured twice for each textile elec-
trode type (Fig. 2b). Subjects were required to limit their 
movements during the experiment.

3.4  Data Acquisition and Signal Processing

The experimentally detected ECG signals were measured 
at a sampling rate of 1 kHz using a Biopac system (Biopac 
MP150, AcqKnowledge; Biopac System Inc., Goleta, CA, 
USA) and amplified using a Biopac ECG100 (Biopac Sys-
tems Inc., Goleta, CA, USA). The measured raw signals 
were filtered using a bandpass filter (Butterworth bandpass: 
order = 10, passband: 5–15 Hz), and the ECG spectrum was 
analyzed using a fast Fourier transform (FFT) method in 
the range of 1–500 Hz. We calculated the signal power ratio 
(SPR) of the ECG signals obtained through each electrode 
using Eq. (1) to perform a quantitative comparison and anal-
ysis of cardiac activity acquisition performance based on the 
structure of textile electrodes. All signal processing and data 
analyses were performed using EEGlab, a MATLAB toolbox 
(2020b, Mathworks Inc., Natick, MA, USA).

In other words, we calculated the ratio of the signal power 
of the entire signal in the 5–15 Hz band, where the ECG 
signals are distributed as SPR. Based on this, the ECG signal 
acquisition results were normalized to control the interven-
tion of the noise variable generated by the difference in the 
unique characteristics of each participant. Additionally, a 
statistical analysis was performed for the calculated SPR, 
and the performance difference of cardiac activity acqui-
sition was comparatively investigated for the six textile 
electrodes.

4  Results

4.1  Participants’ Samples

The experimental results were displayed using AcqKnowl-
edge 4.2, and the waveforms of the acquired ECG signals 
were qualitatively compared and analyzed. Figure 3 depicts 
the parts of the ECG signal waveforms of Subject 1. The 
waves at the top portion of the graph are the reference sig-
nals detected from the clinical Ag/AgCl electrodes, whereas 
those at the bottom are the ECG signals detected from the 
fabricated textile electrodes. In terms of signal size, Fig. 3 
indicates that the size of the signals detected from the tex-
tile electrodes is generally smaller than that of the reference 
signals.

In the case of convex electrodes, all three sizes exhibited 
highly stable signal waveforms, and the peak points of the 
detected and reference signals concurred well. Conversely, 

(1)SPR = ���

�∑15Hz

f=5Hz
Psignal

∑500Hz

f=1Hz
Psignal

�

Fig. 1  Six types of textile electrodes fabricated using the modified 
Lead II method. a flat electrode (1 × 1 cm); b flat electrode (2 × 2 cm); 
c flat electrode (3 × 3  cm); d convex electrode (1 × 1  cm); e convex 
electrode (2 × 2 cm); and f convex electrode (3 × 3 cm)

Fig. 2  a Positions of six leads of ECG and b the experimental setup 
of cardiac activity measurement
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in the case of flat electrodes, although the detection of ECG 
signals was qualitatively confirmed, the waveforms were 
relatively unstable and the size of the acquired signals was 
small. Consequently, the overall signal quality was poor. 
Furthermore, unlike convex electrodes where the size did 
not have a significant effect on the signal quality, the qual-
ity of signals in flat electrodes varied depending on the size 
of the electrodes. In summary, the results of the qualitative 
analysis indicate that convex electrodes are more effective 
than flat electrodes for ECG signal detection.

4.2  Non‑parametric Statistical Analysis

We used SPR as a parameter to perform the Kruskal–Wal-
lis test, a non-parametric difference test based on a nor-
mality test (p > 0.05), to check if any difference exists in 
the performance between the six types of electrodes. The 
analysis results revealed a significant main effect among 
the six electrodes (p < 0.001). No significant interaction 
between the size and the configuration was found (p > 0.05). 

Additionally, the Bonferroni post-hoc test was performed 
to check the combinations of electrodes that exhibit these 
differences. The post-hoc test results indicate that a convex 
electrode of 1 × 1 cm performed better than flat electrodes 
of 2 × 2 and 3 × 3 cm with p < 0.01 in both cases. Further-
more, a convex electrode of 2 × 2 cm performed better than 
flat electrodes of 1 × 1, 2 × 2, and 3 × 3 cm, with p < 0.05, 
p < 0.001, and p < 0.001, respectively. Moreover, a 3 × 3 cm 
convex electrode exhibited superior performance over flat 
electrodes of 1 × 1, 2 × 2, and 3 × 3 cm with p < 0.001 in all 
cases. Table 1 and Fig. 4 present the comparison and the 
analysis results.

A non-parametric t-test, namely the Wilcoxon test, was 
conducted to test for differences in performance between 
the textile electrode configuration methods (flat and con-
vex). Table 2 and Fig. 4 present the analysis results. A 
significant difference was observed in the SPR values of 
the ECG signals between the textile electrode configura-
tion methods (p < 0.001). In other words, the quality of 
signals was better in the convex electrodes than that in the 

Fig. 3  The ECG signal of Subject 1 based on the type of textile 
electrode (top: Ag/AgCl, bottom: textile electrode): a flat electrode 
(1 × 1 cm); b flat electrode (2 × 2 cm); c flat electrode (3 × 3 cm); d 

convex electrode (1 × 1 cm); e convex electrode (2 × 2 cm); and f con-
vex electrode (3 × 3 cm)
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flat electrodes. This is because, unlike the flat electrodes, 
the three-dimensionally structured electrodes attach bet-
ter to the positions on the skin, which is suitable for ECG 
signal detection. Consequently, the contact surface area 
increased, which in turn reduced electrical noise and 
detected higher quality signals.

Table 1  Comparison of six 
types of textile electrodes and 
post-hoc test results

Electrode type n Mean (SD) Kruskal–
Wallis test

p-value Bonferroni post-hoc test

1 × 1 cm (convex) 40 − 11.62 (2.03) 60.644 8.947e−12 1 × 1 cm (flat) < 2 × 2 cm (convex)
1 × 1 cm (flat) 40 − 14.28 (7.07) 2 × 2 cm (flat) < 1 × 1 cm (convex)
2 × 2 cm (convex) 40 − 10.70 (1.83) 2 × 2 cm (flat) < 2 × 2 cm (convex)
2 × 2 cm (flat) 40 − 16.14 (5.06) 1 × 1 cm (flat) < 3 × 3 cm (convex)
3 × 3 cm (convex) 40 − 10.62 (2.33) 2 × 2 cm (flat) < 3 × 3 cm (convex)
3 × 3 cm (flat) 40 − 16.06 (3.99) 3 × 3 cm (flat) < 1 × 1 cm (convex)

3 × 3 cm (flat) < 2 × 2 cm (convex)
3 × 3 cm (flat) < 3 × 3 cm (convex)

Fig. 4  Boxplots of sensing performance a for each textile electrode type, considering b the configuration method and c size of the textile elec-
trodes

Table 2  Comparison of textile electrodes based on the flat or convex 
configuration

Config n Mean (SD) Wilcoxon test p-value

Convex electrode 120 − 10.98 (2.10) 7510 4.831e−14
Flat electrode 120 − 15.49 (5.54)
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Table 3 lists the results of the Kruskal–Wallis test con-
ducted to analyze the variations in sensing performance 
based on the size difference of the textile electrodes. As 
indicated in Fig. 4, no significant difference was observed 
between the three sizes (p > 0.05). In other words, a research 
hypothesis assuming that the contact surface area increases 
proportionally if the electrode size increases, facilitating 
the detection of higher-quality signals, was rejected. We 
observed that the contact surface area does not increase 
by simply increasing the size of the electrode. Conversely, 
the contact surface area increases when the electrodes are 
in a configuration where they are well-attached to the skin 
in appropriate positions. Therefore, ECG signals detected 
through such configurations are of high quality.

4.3  Correlation Analysis and Bland–Altman Plot

The quality of the measured ECG signals is significantly 
affected by muscle movement, which exhibits a lower per-
formance than the resting state [27]. Therefore, the effect of 
muscle activity on the performance of signals during move-
ment should be considered. This study verified the perfor-
mance of textile sensors in the quick-walking condition.

The SPRs extracted from the six textile sensors, namely 
1 × 1 cm  (F1), 2 × 2 cm  (F2), and 3 × 3 cm  (F3) in the flat type 
and 1 × 1 cm  (C1), 2 × 2 cm  (C2), and 3 × 3 cm  (C3) in the 
convex type, were compared with the SPR value obtained 
from the ECG sensor (ground truth). We considered the 
correlation analysis (Pearson correlation coefficient (r)), 
mean error value (ME), and Bland–Altman plot (difference 
plot) for the comparison. The correlation coefficient ranging 
from − 1 to 1 was defined by the linear relationship between 
two or more variables. Correlation coefficients of 0.00–0.09, 
0.10–0.39, 0.40–0.69, 0.70–0.89, and 0.90–1.00 represent 
negligible, weak, moderate (good), strong, and extremely 
strong correlations, respectively [28]. A Bland–Altman plot 
(mean–difference plot) is a method of plotting data to assess 
the concurrence between two different measurements. This 
plot includes the x and y axes, which correspond to the mean 
and difference values between two difference measurements, 
respectively. If most of the values obtained from two differ-
ence measurements are within d ± 1.96s  (a 95% confidence 
level: d + 1.96s and d − 1.96s ) in a Bland–Altman plot, the 

two quantitative measurements are considered to exhibit 
adequate concurrence. The symbols d and s represent the 
mean difference and standard deviation, respectively [27, 
29]. All statistical analyses were performed using SPSS Sta-
tistics v.21.0 (IBM Corporation, Armonk, NY, USA).

When the correlation analysis results were compared 
with those of the ground truth, SPR from the textile sen-
sor exhibited a good, strong, or extremely strong posi-
tive correlation (0.536 to 0.910) and low mean error 
(3.74 to 5.88) with the ECG sensor of all six electrodes. 
Herein, r = 0.536 (p < 0.05) and ME = 3.74 ± 2.23 for  F1; 
r = 0.569 (p < 0.05) and ME = 4.40 ± 2.91 for  F2; r = 0.733 
(p < 0.05) and ME = 5.88 ± 1.87 for  F3; r = 0.691 (p < 0.05) 
and ME = 4.60 ± 2.04 for  C1; r = 0.769 (p < 0.05) and 
ME = 4.64 ± 2.26 for  C2; and r = 0.910 (p < 0.05) and 
ME = 5.06 ± 1.20 for  C3. Furthermore, the correlation coef-
ficient of  C3 was the highest, and ME of  F1 was the lowest, 
as depicted in Fig. 5.

As illustrated in Fig. 6, the results of the Bland–Altman 
analysis confirmed that SPRs measured from ECG and the 
six textile sensors exist within the 95% limits of agreement 
(± 1.96 SD). In all textile sensors, the Bland–Altman plots 
indicate a good agreement based on a 95% confidence 
level between the SPRs from the ECG and textile sensors.

5  Discussion and Conclusions

In this study, we implemented six textile electrodes for 
detecting ECG signals, considering different sizes and 
configuration methods of the electrodes. We experimen-
tally investigated the structural conditions of textile elec-
trodes that are more suitable for obtaining ECG signals. 
The results indicate that the convex or flat electrode con-
figuration significantly affects the quality of the contact-
type ECG signals. Additionally, the experimental results 
validate that the convex electrodes of all sizes outperform 
the flat electrodes, verifying that the quality of signals 
is more affected by the electrode configuration than the 
size. Higher quality ECG signals can be obtained using 
convex textile electrodes regardless of the electrode size. 
Additionally, correlation coefficients for pairs of ECG and 
textile sensors were in the range of 0.536 to 0.910, indicat-
ing a good, strong, or extremely strong positive correla-
tion. Mean errors were in the range of 3.74 to 5.88, repre-
senting a low difference between two measurements. The 
Bland–Altman plots validate that adequate concurrence 
was observed between the two types of measurements in 
all textile sensors. Based on the results of the correla-
tion coefficient, mean error, and Bland–Altman plots, we 
determined that the textile sensor in convex 3 × 3 cm  (C3) 

Table 3  Comparison of textile electrodes based on the three manipu-
lated sizes

Size n Mean (SD) Kruskal–Wal-
lis test

p-value

1 × 1 cm 80 − 12.95 (5.33) 0.0462 0.9772
2 × 2 cm 80 − 13.42 (4.67)
3 × 3 cm 80 − 13.34 (4.24)



3052 Journal of Electrical Engineering & Technology (2022) 17:3045–3055

1 3

Fig. 5  Analysis results of correlation and mean error between the signal power ratio (SPR) values measured from ECG and six textile sensors: a 
 F1; b  F2; c  F3; d  C1; e  C2; and f  C3 (p < 0.05)

Fig. 6  Representative Bland–Altman plots for SPR obtained from 
ECG and the six textile sensors: a  F1; b  F2; c  F3; d  C1; e  C2; and f 
 C3. The solid central line in each plot represents the mean difference 

between the two measurements, whereas the upper and lower dotted 
lines represent the 95% limits of agreement (± 1.96 SD, n = 40)
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type exhibits the best performance. These results indicate 
the possibility of a textile sensor replacing an ECG sensor.

As stated in Sect. 2.2, Song et al. [7] implemented four 
textile electrode types in a jacquard weaving method using 
silver-based metallic yarn, which were then applied to con-
tact-type ECG signal measurements to analyze the results 
qualitatively. According to their findings, the performance 
of ECG signal sensing was the best when convex elec-
trodes coated with conductive paste were used. The results 
of our study, which verify that contact textile electrodes 
implemented in a convex shape can obtain higher quality 
ECG signals compared to flat electrodes, are consistent 
with the aforementioned results. This confirms that a 3D 
structure can reduce the impedance of contact textile elec-
trodes. Furthermore, we considered both the configuration 
and size variables of textile electrodes to analyze their 
structural condition for high-quality signal acquisition; 
however, no difference was observed in the sensing perfor-
mance based on size. Nevertheless, the convex configura-
tion of the textile electrodes exhibited a major effect on the 
quality of the ECG signals regardless of the electrode size. 
Therefore, future investigations are necessary in terms of 
the textile electrode structure, focusing on the configura-
tion rather than the size. Furthermore, the skin impedance 
was extremely large compared to the electrode impedance, 
and the skin impedance increased more in the case of dry-
type electrodes causing difficulty in measurements. In the 
future, we intend to determine a method for reducing the 
impedance of dry-type electrodes.

Previously, Cho [9] and Koo et al. [17] investigated the 
effect of garment structures on the signal quality when 
obtaining ECG signals. Therefore, we intend to combine 
a garment structure suitable for the ECG signal acquisi-
tion with the convex textile electrode structure to analyze 
if high-quality ECG signals can be obtained even during 
motion. Additionally, we plan to develop upgraded textile 
electrodes with more research variables, capable of detect-
ing high-quality ECG signals. Based on this, we intend to 
implement a garment-type platform for integrating convex 
textile electrodes and investigate methods for enhancing 
the performance of smart garment technology that facili-
tates high-quality ECG signal acquisition without time and 
space constraints. Thus, we believe that the ECG signal 
acquisition technology can serve as an important indicator 
of body condition monitoring for preventive measures in 
sports and medical treatment purposes.
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