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Abstract: Recently, the demand for 24-hour biological signal monitoring in various fields such as health care and sports is
increasing rapidly because of lifestyle changes and increasing interests in health. Thus, the field of clothing for continuous
monitoring of biological signals is again illuminated increasing the market. However, smart clothing used to monitor
biological signals has disadvantages affecting the motion artifact which are due to movements of the human body, so studies
for minimizing motion artifact is underway from various angles. In this research, we configured the structure of the textile
electrodes can be applied inside of the clothing, of the flat type and the three-dimensional type, and tried to derive the
electrocardiogram and the structure of the suitable structure to measure the heart rate through measuring and comparing the
electrocardiogram signal and the heart rate accuracy by structure. For this process, the heart rate accuracy and
electrocardiogram signals of 8 men, with a standard body shape in their twenties, were measured and analyzed when walking
and standing. At this time, the subjects were wearing clothes in which three-dimensional electrodes and flat type electrodes
could be applied, respectively, to measure the electrocardiogram signal and heart rate in accordance with the experimental
protocol. The results of the stability of the waveform, the signal size and the SNR (Signal to Noise Ratio) of the three-
dimensional electrode when measuring the electrocardiogram signal were higher than those of the flat electrode. In addition,
in the heart rate measured at the time when walking and standing, the accuracy of the three-dimensional electrode was shown
to be higher than the flat type electrode, so the three-dimensional electrode was analyzed in a suitable structure for measuring
the electrocardiogram and heart rate.

Keywords: Motion artifact, Structure of the textile electrode, Flat type electrode, Three-dimensional electrode, Electrocar-

diogram and heart rate

Introduction

Recently, in response to interest of health care and the
development of fusion technology between clothing and the
information technology, clothing products for measuring
biological signals is developing rapidly [1]. Clothing for
measuring biological signals that are based on textile sensors
are variously developed for military, sports, and daily life
[2], developed for measuring biological signals of the
electrocardiogram, respiration, and movement [3-8]. Change
in the position of the electrode between sensors and the
human body while wearing smart clothing to monitor
biological signals act as influencing factors on the measurement
of electrocardiograms, which is defined as a motion artifact
generated by the body’s movement factor, structural factor
of the clothing, and device factor [9]. Operating noise from
the biological signal measurement clothing can be broadly
classified into the spatial occurrence between the human
body and the electrode due to the movement of the human
body, the noise generation between the human body and the
electrode due to the movement of clothing, and the noise
generation due to electrical factors [10].

The noise signal could be included when reading an
electrocardiogram in the dynamic environment. There are
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typical examples that can be classified as muscle sounds due
to the muscle movement, a baseline noise due to chest
movement, or the electric power line noise of 60 Hz device
[11]. Electrocardiogram sensing smart clothing is used to
obtain a signal by integrating the textile electrodes to
clothing, unlike existing common electrodes and the
electrode of the smart clothing should be stable in contact
with the human body [9]. Thus, the dynamic noise of the
electrocardiogram measurement clothing is mainly arising
from changes of baseline due to the change of impedance
between the electrode and the skin by the movement of the
electrode. The movement of the electrode is generated from
the change of the body surface and clothing due to the
movement [12].

Researches which to minimize the motion artifact [13,14]
by applying an algorithm and to minimize noise by filtering
have been conducted around the engineers. Recently, such
researches that minimizes motion artifact [1,15,16] through
the structure of the clothing and the electrode on the wearable
systems have been conducted. However, research to minimize
the operating noise by measuring the electrocardiogram by
configuring of the electrode structure in the clothing is
inadequate.

Therefore, in this research, we configured the electrodes to
measure the electrocardiogram inside of the clothing, of the
flat type and the three-dimensional type, and then tried to
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research the effectiveness of the electrode structure located
in the clothing to measure the electrocardiogram through
analyzing the accuracy of the electrocardiogram signal and
the heart rate measurement during standing and walking.

Experimental

Electrode Design

In this research, we developed a conductive thread based
on a silver thread for optimization of the electrode structure
to be applied to clothing having an electrocardiogram
measurement function, and designed and developed a knit
electrode by considering the compatibility of human body
and the accuracy of signal measurement. On the basis of it,
we designed the electrode of flat type and the three-
dimensional type to apply to the form of a suitable electrode
design to the clothing. We have also developed and designed
the smart clothing for electrocardiogram and heart rate
measurement.

Development of Conductive Thread

In this research, the thread for implementation of textile
electrode consisted of the structure of textile threads and
metallic wires using a metal (Ag) wire with high conductivity.
The structure of the yarn with conductivity for measuring
electrocardiogram and heart rate was made using PET
(polyester) 150 Denier as a core yarn and 4 strands of silver
thread 30 um as a covering thread as shown in Figure 1. At
this time, if a silver thread used as a core yarn, elongation
would be generated by thread that covers the core of
centrifugal force acting on the silver thread; consequently,
silver thread was used as only covering thread. We have
configured the electric resistance of conductive yarn could
have a characteristic value of 6.44 Q/m. It has also been
designed and made so that it can have more than 10 % of an
elongation percentage, and it can reduce snapping of thread
when knitting.

Configuration of Electrode

Configuration of the electrode was composed of a knit
electrode; the electrode by making of the conductive yarn
based on a slit silver thread is difficult in applying to a tight
fitted t-shirt in close contact to the human body due to the
foreign body sensation and weakening of the elastic recovery
force. Thus, electrodes developed in this research are
configured to provide a conductivity capable heart rate

PET (polyester) Yamn

Silver yam

Figure 1. Appearance of yarn for measuring human body signal.
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Figure 2. Knitting electrode design for the electrode configuration.

Figure 3. Knitting design and knitting electrode for the electrode
configuration.
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Figure 4. Electrode design of the flat type and the 3D type; (a) flat
type electrode and (b) 3D type electrode.

Figure 5. Electrode configuration applied to clothing; (a) flat type
electrode and (b) 3D type electrode.
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measurement with minimal human foreign body sensation
and even have an elastic recovery force by cross-knitting
with the yarn of the lycra and polyester and the conductive
yarn by 2 mm as shown in Figure 2 and Figure 3.

Electrode Structure Design for Measuring the Elec-
trocardiogram and the Heart Rate

In order to derive a suitable electrode structure for
measuring the electrocardiogram and the heart rate, we
compared the accuracy and efficiency of the heart rate
measurement of two electrodes by developing two types of
the flat type and the three dimensional type as shown in
Figure 4. The flat type electrode is configured with a snap
button between the two layers of conductive fabrics to
prevent the snap button touching the skin directly. Two
layers of conductive fabrics are sewn to touch each other and
were formed for electricity through each other as shown in
Figure 5(a). The three-dimensional electrode, that is put in a
polyurethane foam having a thickness of 3T between the
conductive textile of the flat type electrode, was configured
to have a three dimensional appearance as shown in Figure
5(b).

Configuration of Experimental Clothing

For this experiment, we decided the position of the
electrode on either side of the bottom of the chest and
designed the clothing based on the result of the analysis of
the optimum position shown in previous research [10]. Two
types of the experimental clothing were designed with the
same pattern and material for evaluation according to the
electrode structure. Materials of 82 % polyester and 18 %
lycra were applied the most, and 92 % polyester and 8 %
lycra was applied to the part of the electrode in order to
improve the skin adhesion and to reduce the movement of
the electrode. Two types of the experimental clothing of the
flat and the three dimensional type electrodes are respectively
shown in Figure 6.

| v ;

Figure 6. Design plan of two experiment clothing; (a) outside part
and (b) inside part.
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Electrocardiogram and Heart Rate Measurement

In this research, we configured the flat type electrode and
the 3D type electrode, and the experiment was conducted in
two stages in order to evaluate the accuracy of the elec-
trocardiogram and the heart rate measurement in accordance
with the electrode configuration.

Signal amplitude values are reduced by noise and
performance can be accurately evaluated through the signal
amplitude. In addition, noises appear due to diverse causes
and affect the measurement of the accuracy of signal. SNRs
are the measures of relative sizes of signal vs. noise and can
be an indicator for measurement of signal’s accuracy
[17,18]. Therefore, in the present study, to compare the
accuracy of measurement of electrocardiograms and heart
rates using flat and 3D electrodes, the measured values of
signal amplitudes, noise sizes, and SNR (dB) were compared
and analyzed by t-test statistical analysis.

In addition, to evaluate the accuracy of the heart rates
measured through the flat and 3D type electrodes applied in
the present study, the positions of clinical heart rate signals
measured through Ag-Agcl electrodes and the positions of
heart rate signals measured through the textile electrodes
(flat and 3D electrodes) were comparatively analyzed [19].
In addition, the heart rates appearing at positions identical to
the positions of clinical signals were measured and the
results were presented as measured %.

Evaluation of the Electrocardiogram Signal

Each subject was wearing clothing that respectively
configured with the flat type electrode and three-dimensional
electrode, each for the characterization of the electrocardiogram
signal in accordance with the electrode structure; each
electrocardiogram waveform was measured while standing
and walking at 4 km/h each. The subjects, after wearing the
experimental clothing, according to the protocol took a rest
for 3 minutes by sitting in a chair and then the electrocardiogram
is measured while standing for 3 minutes, then taking
another 3 minute rest, the electrocardiogram of each subject
was repeatedly measured three times. The electrocardiogram
measurement while walking was completed in the same
way. According to the protocol, the subject took a rest for
3 minutes and then the electrocardiogram is measured while
walking at 4 km/h for 3 minutes, then taking another rest for
3 minutes, repeating each measure three times as shown in
Table 1.

Table 1. Experiment process

3 min 3 min 3 min
Rest Test

«— Electrocardiogram measurement cycle —
3 times repeated measurement

Recovery

« heart rate measurement cycle —
3 times repeated measurement
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Accuracy Evaluation of Heart Rate Signal

Accuracy evaluation of the heart rate signal through the
flat type electrode and the three dimensional type electrode
was carried out with the same protocol of the electrocardiogram
measurement. The accuracy of the heart rate signal measurement
through the heart rate measurement, while standing and
walking on the treadmill at 4 km/h after wearing the
experimental clothing, was compared and analyzed. For this
process, the heart rate was measured 3 times at 3 minutes
intervals when standing and walking at 4 km/h after a rest
for 3 minutes while wearing 2 types of the experimental
clothing; the average values of it was compared with the
reference heart rate as shown in Figure 7. The reference
signal by applying the medical Ag-Agcl electrode was
acquired using the wireless electrocardiogram measurement

Figure 7. Experimental appearance of standing (left) and walking
(right).

Figure 8. Measurement devices (MP150 and BioNomadix).
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system of MP150.

Measurement Device and Analysis Method

In this experiment, BN-RSPEC BioNomadix ECG which
measuring the electrocardiogram and transmitting signals
wirelessly is used in conjunction with the MP-150 as shown
in Figure 8. A filter of the measuring device for the experiment
was set to Notch Filter, 60 Hz, and the measured signals
were presented and analyzed through the Acknowledge 4.0
program. Table 2 shows the specifications of measurement
devices.

Subjects

For the electrocardiogram and the heart rate measurement
from two types of the flat type electrodes and the 3D type
electrode, 8 male subjects in the standard BMI region were
selected. Table 3 shows the characteristics of them. In this

Table 2. Specifications of measurement devices

BioNomadix BN-ECG2
Signal type: Dual Channel ECG
Bandlimits max: 0.1 Hz to 100 Hz
Factory preset: 0.5Hzto 1.0 Hz
Filter options: 0.005 HzHP, 1 Hz LP
Notch filter: 50/60 Hz user-controlled switch; typica

1ly not required-factory preset OFF. See
Appendix for additional hardware-
specific output options.

Noise voltage (short input): up to 10 mV P-P

+10 V (receiver output)
72-90 hours

MP150 System specifications

Output voltage range:
Operating time:

Number of channels
Absolute maximum input £15V

Operational input voltage +10V

A/D resolution 16 Bits
Accuracy (% of FSR) +0.003
Input impedance 1.0 MQ

Table 3. Characteristics of the subjects

. Height  Weight

Subject Age Sex (cm) (ke) BMI
Subject 1 26 Male 175 86 28.08
Subject 2 26 Male 174 70 23.12
Subject 3 26 Male 177 72 22.98
Subject 4 35 Male 173 76 25.39
Subject 5 24 Male 171 77 26.33
Subject 6 24 Male 178 70 22.09
Subject 7 26 Male 177 78 24.90
Subject 8 24 Male 173 80 26.73

Average  25.15 - 174.75 76.13 24.93
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research, subjects were limited to males in consideration of
adhesion and the body curve in accordance with the
characteristics of the body surface area in order to derive the
structure of the electrode suitable for the signal measurement.

Results and Discussion

Electrocardiogram Signal according to Electrode Structure

Electrocardiogram Signal Measurement in Standing

In the comparison result of the electrocardiogram signal
during the standing condition derived from the flat type
electrode and the 3D type electrode, it was analyzed that the
size of the signal in the 3D type electrode is displayed larger
in all subjects. The result of the size of the signal and the
SNR (Signal to Noise Ratio) is as shown in Table 4. The

Table 4. Comparison of electrocardiogram signals obtained
through flat electrodes and 3D electrodes in standing

Subjects Electrode Type ar:;)%irzlde Noise SNRa
v W @B

Subject 1  Flat type electrode 1.22 0.01 41.76
3D type electrode 1.89 0.01 44.71

Subject2  Flat type electrode 0.85 0.01 38.58
3D type electrode 1.63 0.01 40.77

Subject 3 Flat type electrode 1.77 0.02 37.33
3D type electrode 3.36 0.00 57.31

Subject4  Flat type electrode 0.66 0.01 35.88
3D type electrode 1.63 0.01 4425

Subject 5  Flat type electrode 1.30 0.03 33.22
3D type electrode 3.20 0.01 46.97

Subject 6  Flat type electrode 0.78 0.04 25.64
3D type electrode 2.99 0.02 45.84

Subject 7 Flat type electrode 3.01 0.02 43.55
3D type electrode 4.02 0.01 52.09

Subject 8  Flat type electrode 2.30 0.02 41.21
3D type electrode 3.64 0.01 51.22

*SNR(dB)=10*LOG10(SNR), SNR=signal to noise ratio.

Table S. Results of T-test analysis of electrocardiogram signals
obtained through flat electrodes and 3D electrodes in standing

Flat type 3D type
electrode electrode F
Mean+SD Mean+SD
Signal amplitude (V)  1.399+0.938 2.842+1.002 .001**
Noise (V) 0.200+£0.010  0.008+0.003  .026**
SNR (dB)* 37.13845.738 47.895+£5.299 .003**

*p<0.05, **p<0.01, ***p<0.001, "SNR(dB)=10*LOG10(SNR),
SNR=signal to noise ratio.
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signal amplitude, noise size, and SNR(dB) measured through
flat electrodes and those measured through 3D electrodes in
standing were analyzed and all the measured values showed
statistically significant differences as shown in Table 5.
According to the results of analyses of the values of signal
amplitudes (p<0.01), noises (p<0.01), and SNR(dB) (p<0.01)
during standing, all the values showed statistically significant
differences indicating that 3D electrodes have higher accuracy
of electrocardiograms compared to flat electrodes (Table 5).
Figure 9 shows the electrocardiogram waveform of the flat
and 3D type electrode in standing. The amplitude value of
the electrocardiogram of the flat type electrode showed that
1.22 'V (subject 1), 0.85 V (subject 2), 1.77 V (subject 3),

Electrocardiogram signal waveform
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Figure 9. Electrocardiogram waveform example of the flat and the
3D type electrode in standing; (a) flat type electrode standing
(Subject 1), (b) 3D type electrode standing (Subject 1), (c) flat
type electrode standing (Subject 3), and (d) 3D type electrode
standing (Subject 3).
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0.66 V (subject 4), 1.30 V (subject 5), 0.78 V (subject 6),
3.01 V (subject 7) and 2.30 V (subject 8).

The electrocardiogram signal of the 3D type electrode
showed that 1.89 V (subject 1), 1.63 V (subject 2), 3.36 V
(subject 3), 1.63 V (subject 4), 3.20 V (subject 5), 2.99 V
(subject 6), 4.02 V (subject 7) and 3.64 V (subject 8), and
were analyzed to be larger than the electrocardiogram signal
of the flat type electrode. The noise is generally equal or
smaller in the 3D type electrode as compared with the flat
type electrode, in which the noise appears relatively small
because of the adhesion between the electrode and the
human skin enhanced by the structure of the electrode of 3D
type electrode which is composed in a three dimensional
form.

As the result of the SNR (Signal to Noise Ratio) of the flat
type electrode and the 3D type electrode by each subject, the
flat type electrode showed that 41.76 dB (subject 1),
38.58 dB (subject 2), 37.33 dB (subject 3), 35.88 dB (subject
4), 33.22 dB (subject 5), 25.64 dB (subject 6), 43.55dB
(subject 7) and 41.21 dB (subject 8). By comparison, the
three dimensional electrode showed that higher SNR values
of 44.71 dB (subject 1), 40.77 dB (subject 2), 57.31 dB
(subject 3), 44.25dB (subject 4), 46.97 dB (subject 5),
45.84 dB (subject 6), 52.09 dB (subject 7) and 51.22 dB
(subject 8). Therefore, the three dimensional electrode was
analyzed to be accurate for the electrocardiogram signal
measurement as compared with the flat type electrode.

Table 6. Comparison of electrocardiogram signals obtained
through flat electrodes and 3D electrodes in walking

Subjects  Electrode type aliﬁ?tilde Noise SNR,A
) V) @B
Subject 1 Flat type electrode ~ 2.15 0.07 29.75
3D type electrode 2.27 0.04 35.06
Subject 2 Flat type electrode 1.28 0.1 22.15
3D type electrode 1.91 0.05 31.64
Subject 3 Flat type electrode  0.98 0.02 33.79
3D type electrode 3 0.02 43.51
Subject 4 Flat type electrode 1.09 0.1 20.74
3D type electrode 1.55 0.05 29.82
Subject 5 Flat type electrode ~ 2.22 0.03 37.39
3D type electrode 2.73 0.01 48.71
Subject 6 Flat type electrode 1.73 0.05 30.8
3D type electrode 291 0.01 49.27
Subject 7 Flat type electrode  3.51 0.04 38.86
3D type electrode 3.56 0.01 51.03
Subject 8 Flat type electrode  3.22 0.03 40.61
3D type electrode 3.53 0.02 44.93

“SNR(dB)=10*LOG10(SNR), SNR=signal to noise ratio.
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Result of the Electrocardiogram Signal Measurement in
Walking

Table 6 and Figure 10 show the result of the signal
measurement of the flat type electrode and 3D type electrode
during walking. The amplitude value of the clothing with the
flat type electrode showed that 2.15 V (subject 1), 1.28 V
(subject 2), 0.98 V (subject 3), 1.09 V (subject 4), 2.22 V
(subject 5), 1.73 V (subject 6), 3.51 V (subject 7) and 3.22 V
(subject 8). That of the 3D type electrode showed that
2.27V (subject 1), 1.91 V (subject 2), 3.00 V (subject 3),
1.55V (subject 4), 2.73 V (subject 5), 2.91 V (subject 6),
3.56 V (subject 7) and 3.53 V (subject 8). The signal size
measured by the 3D type electrode has a larger than the flat

Waveform of electrocardiogram signal
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Figure 10. Electrocardiogram waveform example of the flat and
the 3D type electrode in walking; (a) flat type electrode waking
(subject 1), (b) 3D type electrode waking (subject 1), (c) flat type
electrode waking (subject 3), and (d) 3D type electrode waking
(subject 3).
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type electrode. The noise size of the flat type electrode
during walking corresponding to the electrode configuration
was 0.07 V (subject 1), 0.10 V (subject 2), 0.02 V (subject
3), 0.10 V (subject 4), 0.03 V (subject 5), 0.05 V (subject 6),
0.04 V (subject 7) and 0.03 V (subject 8). That of the 3D
type electrode was 0.04 V (subject 1), 0.05 V (subject 2),
0.02 V (subject 3), 0.05 V (subject 4), 0.01 V (subject 5),
0.01 V (subject 6), 0.01 V (subject 7) and 0.02 V (subject 8).
Thus, the noise size of the flat type electrode has a larger
than the 3D type electrode. The result of the reduced motion
artifact has been reflected because the 3D type electrode has
a high adhesion to the skin than the flat type electrode, like
the previous results during standing.

As the result of the analysis of the SNR (Signal to Noise
Ratio), the 3D type electrode showed greater value of the
SNR, and has a higher accuracy in the signal measurement
as compared to the flat type electrode during walking, the
same as the stationary condition.

As a result of comparative analysis of the SNR of the flat
type electrode and the 3D type electrode by each subject, the
flat type electrode appeared at 29.75 dB (subject 1), 22.15 dB
(subject 2), 33.79 dB (subject 3), 20.74 dB (subject 4),
37.39 dB (subject 5), 30.80 dB (subject 6), 38.86 dB (subject
7) and 40.61 dB (subject 8), by comparison, the 3D type
electrodes appeared higher SNR values at 35.06 dB (subject
1), 31.64 dB (subject 2), 43.51 dB (subject 3), 29.82 dB
(subject 4), 48.71 dB (subject 5), 49.27 dB (subject 6),

Table 7. Results of T-test analysis of electrocardiogram signals
obtained through flat electrodes and 3D electrodes in walking

Flat type 3D type
electrode electrode F
Mean+SD Mean+SD
Signal amplitude (V)  2.022+0.948 2.682+0.726 .024*
Noise (V) 0.055+£0.031  0.026£0017 .003**
SNR (dB)* 31.761+7.399 41.746+8.397 .000***

*p<0.05, **p<0.01, ***p<0.001, "SNR(dB)=10*LOG10(SNR),
SNR=signal to noise ratio.
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51.03 dB (subject 7) and 44.93 dB (subject 8). The 3D type
electrode was analyzed to be accurate for the electrocardiogram
signal measurement as compared with the flat type electrode.

According to the results of analyses of the values of signal
amplitudes (p<0.05), noise sizes (p<0.01), and SNR(dB)
(p<0.001) during walking, all the values showed statistically
significant differences indicating that 3D electrodes have
higher accuracy of electrocardiograms compared to flat
electrodes (Table 7).

Accuracy Analysis of Heart Rate Measurement accord-
ing to Electrode Structure

Heart Rate Measurement in Standing

For the accuracy analysis of the flat and the 3D type
electrode in standing, the heart rate in standing is measured
and compared with the clothing of the flat and 3D type
electrode in standing as shown in Table 8. At this time, in
order to analyze the accuracy of the measured heart rate
from each of the clothing, the heart rate measured through
the Ag-AgCl electrode using an MP150 device was used as a
reference signal. The heart rate accuracy when wearing the
clothing of the flat type electrode in standing was an average
of 98.90 %, therefore, it had a higher accuracy compared to
the flat type clothing with 97.59 %. However, the values of
the heart rate measured at both the flat type electrode and the
3D type electrode were lower than the most standard value.
As seen at the result, the size of the R-peak is reduced as
contact resistance increase between the clothing with the
built-in electrode and skin, therefore, the heart rate is
considered to appear low because it could not distinguish the
noise and the signal in the peak detection algorithm and
considered it as the noise.

When viewed as indicated the heart rate measurement
accuracy appeared lower in case of the flat type electrode,
the noise due to the contact of the flat type electrode is
considered to be greater than the noise of the 3D type
electrode. Thus, the 3D type electrode, in comparison to the
skin adhesion of the flat type electrode, appeared lower
noise -originated with motion and contact- due to its high

Table 8. Comparison of the accuracy of the heart rate measurement of the flat and the 3D type electrode in standing

Subject Aver. of heart rate (n)  Aver. of heart rate (n) Aver. of heart rate (n) Accuracy (%) of flat ~ Accuracy (%) of 3D

(flat electrode) (3D electrode) (reference value) electrode electrode
Subject 1 68.52 69.32 69.97 97.93 % 99.07 %
Subject 2 67.24 71.19 71.94 93.47 % 98.96 %
Subject 3 62.23 62.71 63.39 98.17 % 98.93 %
Subject 4 82.92 82.94 84.58 98.04 % 98.06 %
Subject 5 77.24 78.19 78.94 97.85% 99.05 %
Subject 6 62.24 62.45 63.13 98.59 % 98.92 %
Subject 7 69.08 70.06 70.68 97.74 % 99.12 %
Subject 8 63.56 63.65 64.26 98.91 % 99.05 %
Average 69.13 70.06 70.86 97.59 % 98.90 %
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Table 9. Comparison of the accuracy of the heart rate measurement of the flat and the 3D type electrode in walking

Subject Aver. of heart rate (n) Aver. of heart rate (n) Aver. of heart rate (n) Accuracy (%) of flat  Accuracy (%) of 3D

(flat electrode) (3D electrode) (reference value) electrode electrode
Subject 1 74.20 76.35 80.25 92.46 % 95.14 %
Subject 2 80.50 81.23 86.50 93.06 % 93.91 %
Subject 3 65.12 68.23 74.23 87.73 % 91.92 %
Subject 4 86.25 90.25 96.12 89.73 % 93.89 %
Subject 5 85.23 86.10 96.70 88.14 % 89.04 %
Subject 6 66.20 68.12 72.12 91.79 % 94.45 %
Subject 7 75.23 76.25 84.25 89.29 % 90.50 %
Subject 8 68.25 70.00 73.00 93.49 % 95.89 %
Average 75.12 77.07 82.90 90.62 % 92.97 %

degree of adhesion with the skin than the flat type, therefore,
the heart rate accuracy is considered that it has become
higher due to the size of the measurement signal is greater.

Heart Rate Measurement in Walking

The heart rate measured by the flat type electrode and the
3D type electrode is also tended to show lower numbers than
the reference value in walking. For the heart rate analysis of
each individual, the analysis of the accuracy was performed
through the comparison and the analysis of the distance
between the peaks of the electrocardiogram on the basis of
the reference signal.

The accuracy of heart rates measurement during walking
measured through 3D electrodes was shown to be higher
than that measured through flat electrodes in all study
subjects. When the average of accuracy of heart rates
measured through the two electrodes were compared based
on the reference value, the accuracy of heart rates measured
through flat electrodes was 90.62 % while the accuracy of
heart rates measured through 3D electrodes was 92.97 %
indicating that 3D electrodes have higher. In other words, the
accuracy in the heart rate of the individual appeared that the
heart rate measurement accuracy of the 3D type electrode
was higher than the flat type electrode, and the 3D type
electrode had a higher accuracy in walking than the flat type
electrode.

Conclusion

This research tried to minimize the dynamic noise, made
from movements of smart clothing, for continuous mea-
surements of an electrocardiogram and heart rate, and to
develop a textile electrode to improve the accuracy of the
measurement signal. For this, textile electrodes in two types
of the flat and 3D electrodes were configured. And then
throughout the application of these electrodes to the
clothing, we tried to evaluate the effect by the electrode
structure on the accuracy of the electrocardiogram and the
heart rate measurement of the textile electrodes.

The signal amplitude, noise size, and SNR(dB) measured

through flat electrodes and those measured through 3D
electrodes in standing and walking were analyzed and all the
measured values showed statistically significant differences.
The result of the measurement and comparison of the
electrocardiogram of the flat type electrode and the 3D type
electrode is as follows. As the result of the electrocardiogram
measurements in standing and walking, the size of the signal
and the size of the SNR from the clothing with the 3D type
electrode was larger than the flat type electrode in all
subjects. Thus, the signal of the 3D type electrodes have
shown to be more accurate.

In other words, it was found that the size of the signal and
the size of the SNR in the clothing with the three-dimensional
electrode were larger than the flat type electrode in both
standing and walking. The size of the noise was reduced
because the 3D type electrode has a greater skin adhesion
force than the flat type electrode, and it caused a greater size
of the signal, the analysis showed. In addition, the results of
heart rate in standing and walking were similar to the results
of the electrocardiogram signal.

As shown by the results described above, the electro-
cardiogram signal size and the SNR of the three-dimensional
electrode clothing is higher than the flat type electrode
clothing when measuring the electrocardiogram and the
heart rate. As the result of the heart rate accuracy, the three-
dimensional electrode is higher. It is analyzed that it could
increase the size of the measurement signal and reduce the
noise between the skin and the electrode because the three-
dimensional electrode has higher skin adhesiveness and
pressure according to the structure of the electrode than flat
type electrode.

Thus, it is estimated that the three-dimensional electrode is
better for measuring an electrocardiogram and heart rate.
However, this research was limited to male subjects, and so
the evaluation of the effectiveness will be carried out and
applied to women in future research, examining results from
the subjects of various body types. The present study compared
the utility of electrocardiogram and heart rate measurements
through 3D electrodes and flat electrodes according to the
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degree of close contact with human bodies. In future,
follow-up studies to derive optimum 3D electrodes through
experiments to measure electrocardiograms and heart rates
using different thicknesses of 3D electrodes should be
conducted.

Acknowledgements

This Research was supported by the Sookmyung Women’s
University, Research Grants (Project No. 1 — 1409-0006).

References

1. Y. Jeong, S. H. Kim, and Y. Yang, J. Korean Soc. Clothing
Text., 34,112 (2010).

2. L. M. Castano and A. B. Flatau, Smart Mater. Struct., 23, 1
(2014).

3. R. Paradiso, G. Loriga, and N. Taccini, /[EEE Trans.
Inform. Technol. Biomed., 9,337 (2005).

4. D. D. Finlay, C. D. Nugent, M. P. Donnelly, P. J. McCullagh,
and N. D. Black, IEEE Trans. Inform. Technol. Biomed.,
12, 433 (2008).

5. H. Y. Song and J. H. Lee, J. Korea Fashion. Costum.
Design Assoc., 12, 119 (2010).

6. Y. Zhai, X. Liu, Y. Wang, and X. Li, J. Miner. Mater.
Charact. Eng., 2,598 (2014).

10.

11.

12.
13.

15.

16.

17.

18.

19

Fibers and Polymers 2016, Vol.17,No.12 2077

. S. S. Lobodzinski and M. M. Laks, Cardiol. J., 15, 477
(2008).

. L. Vojtech, R. Bortel, M. Neruda, and M. Kozak, Adv.
Electric. Electron. Eng., 11, 410 (2013).

. S. Koo, M. D. Dissertation, Yonsei University, Seoul,

2008.

H. Cho, Ph. D. Dissertation, Yonsei University, Seoul,

2011.

H. D. Kim, C. H. Min, and T. S. Kim, Proc. IEIE Fall

Conf’ Korea, 28, 465 (2005).

S. H. Liu, J. Med. Biol. Eng., 31, 67 (2011).

A. Griffiths, A. Das, B. Fernandes, and P. Gaydecki, J.

Phys. Conf. Ser., 76, 1 (2007).

. Z. Zhang, 1. Silva, D. Wu, J. Zheng, H. Wu, and W. Wang,

Med. Biol. Eng. Comput., 52, 1019 (2014).

A. Comert, M. Honkala, and J. Hyttinen, Biomed. Eng.

Online, 12, 1 (2013).

H. Cho, H. Song, H. Cho, S. Goo, and J. Lee, Sci. Emo.

Sens, 13, 467 (2010).

L. S6rnmo and P. Laguna in “Wiley Encyclopedia of

Biomedical Engineering” (M. Akay Ed.), Vol. 2, pp.1298-

1313, Wiley, Hoboken, 2006.

M. S. Manikandan and K. P. Soman, Biomed. Signal

Process. Control., 7,118 (2012).

. H. Cho and J. H. Lee, J. Med. Syst., 39, 1 (2015).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


