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Abstract

This study fabricated and evaluated the textile-type electrodes for application to smart-
wear that can measure surface electromyography(sEMG). It was manufactured by lock
stitch(LS) and moss stitch(MS), and the stitch distance was prepared as 1, 2, or 3 mm.
The surface and compression property was measured by using the Kawabata evalu-
ation system, and the sheet resistance and skin-electrode impedance were analyzed.
The coefficient of friction(MIU) of the MS was larger than that of the LS. On the other
hand, the geometrical roughness(SMD) showed a smaller value. When the same

load was applied, the compressive range of the MS was larger than the LS. When it
was manufactured as a leg sleeve and worn, the conductive path could be increased
as the loops made of conductive yarn become flat as the loops adhere to the skin

by the pressure of clothing. Accordingly, the skin-electrode impedance decreased

by increasing the area in contact with the skin. As the results of the RMS(root-mean-
square), the LS was higher than the MS in a stable. Nevertheless, the SNR(signal-to-
noise ratio) value was lower than that of the MS because movement generated noise
during operation. Therefore, more stable signal acquisition is possible when applying
MS. It is expected that could be applied to producing smartwear for sSEMG measure-
ments with superior sSEMG signal acquisition performance while having a softer touch
and flexibility.

Keywords: Textile electrode, Surface electromyography, Smartwear, Embroidery,
Stitch Technique

Introduction

Recently, as the interest in wellness and health has increased, research and development
of wearable devices for monitoring biosignals and muscle activation are increasing rap-
idly (Ahsan et al., 2022; Zahid et al., 2022). Surface electromyography (sEMG) signals
are used mainly to analyze muscle activity that is used through the electrical potential
of the human body that changes during daily life or exercise (Lam et al., 2022; Zheng
et al,, 2022). Accordingly, human bioelectrical signals are collected through wet and
dry electrodes to detect and continuously monitor them. The electrode traditionally
used to measure SEMG is the silver/silver chloride (Ag/AgCl) electrode, which has the
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advantage of low skin—electrode impedance. This electrode is also disposable and easy to
use. However, there is a limit when applied as a wearable device or smart wear because
of issues, such as deterioration of the adhesion performance and signal collection per-
formance caused by long-term use and skin. In addition, for sSEMG measurements,
electrodes must be attached to the corresponding muscle, and it is difficult to measure
the muscle in a location that is not reachable or invisible. When applied in the form of
clothes, it is not possible to attach the wet-electrode long-term, and it is expensive com-
pared to clothes worn in daily life. Moreover, there are limitations, such as discomfort
when wearing. Therefore, sSEMG-based smart wearable systems are being developed in
clothes, sleeves, and protectors according to the purpose (Choudhry et al., 2021).

Many previous studies have developed a textile-type dry electrode to replace the exist-
ing Ag/AgCl hydrogel electrode to overcome the limitation of smart wear for sSEMG
measurement. In general, as a method for manufacturing textile-type dry electrodes,
there are methods of using a conductive yarn in weaving or knitting form, a decoration
form on fabric using an embroidery technique, and a method of coating or laminating a
substrate fabric or yarn on a conductive material (Choi & Hong, 2019; Kim et al., 2022b;
Ohiri, et al,, 2022; Shuvo et al., 2022; Zhao et al., 2022). Among them, embroidery is
one of the most often used technologies in the sphere of smart textiles. It provides a
great asset in wearable and flexible electronics development, such as bio-sensing sen-
sors (Mecnika et al., 2014). Embroidery is a patterning method through which a series
of overlapping stitches is formed from a single continuous thread, or multiple threads,
on a finished fabric substrate. This method is one of the earliest for circuit routing and
interconnections in e-textile fabric systems. Moreover, it has been used in recent times
for electrode structures. By producing several intersections of a continuous thread,
greater conductivity can be imparted to the embroidered structure compared to a sin-
gle conductive thread (Katherine et al., 2022). Textile electrodes manufactured using
embroidery can collect internal and external signals from the inside and outside based
on the fabric due to the loop. In addition, embroidered electrodes can provide decorative
conductive patterns on a finished textile surface (Goncy-Berk & Tuna, 2021). Generally,
the most commonly used embroidery stitch techniques include lock and moss stitches.
The lock stitch is a method that skips one stitch and proceeds in a linear type of two-
dimensional form, like the existing sewing seam. The technique is performed by moving
the needle up and down and fixing the upper thread to the fabric by the lower thread
wound on the bobbin. These techniques have been used to produce electrical circuits
and antennas. The moss stitch makes a loop shape by pulling up a thread wound on a
bobbin using a hook-type needle. This type forms a three-dimensional structure that
can be used to manufacture a textile sensor with direct contact by controlling the moss
height (Kim et al., 2022b; Rho et al., 2022).

In a previous study, to apply to EMG smart wear for fitness, the characteristics of
embroidery electrodes were used to manufacture each shape using a lock-stitch; a basic
embroidery stitch technique and optimal conditions were derived (Kim et al., 2022a). In
the case of conductive yarn, however, it is rigid and stiff because the surface is coated
with metal. Therefore, when the sensor or electrode is made with a lock stitch, it is rough
and hard. Thus, it has a disadvantage in that the flexibility and touch are poor. In pre-
vious studies, the comfort of the conductive fabric for application to smart clothing is



Kim et al. Fashion and Textiles (2023) 10:32 Page 3 of 19

as much an important factor as the performance (Lee, 2022; Tadesse et al., 2018; Zhao
et al., 2022). Tadesse et al., (2018) measured the tactile comfort of a conductive fabric
using Kawabata’s evaluation system and then compared the results with those of con-
ventional textile products. The results showed that polyester knitted fabrics incorpo-
rated with copper were rougher than pure polyester fabric. Lee, (2022) reported the
relationship between the functionality and comfort of conductive flat-knitted fabric for
smart clothing. The surface roughness of the course direction increases as the blending
ratio of the conductive yarn increases. In addition, the recoverability from compression
decreases as the blending ratio of conductive yarn increases, and the work of compres-
sion increases. This suggests that the conductive fabric can be compressed easily but
is less likely to recover from compression. Zhao et al. (2022) proposed the 3D textile
electrode inspired by the embroidery technique with a 1D composite yarns containing a
mixture of reduced graphene oxide (rGO), sericin, and water-retention polymer. The 3D
knitting porous construction comforted users because of the soft tactile formation and
the breathable property. In addition, it was confirmed that the contact impedance was
lower than that of the reference electrode. They reported that accurate measurement
was possible by analyzing the muscle fatigue process.

Accordingly, research on the tactile comfort, electrical, and bio-signal acquirement
performance of conductive weaves or knits is continuously being conducted, but the
embroidery technique is relatively insufficient. Our research team confirmed that EMG
signal collection was possible with the lock-stitch technique, but since it was densely
stitched with rigid conductive yarn, the surface of textile electrode were rough. Accord-
ingly a moss stitch with a different structure made by loop structure was added to com-
pare the difference in tactility and EMG signal collection performance between both
stitch techniques. Therefore, in this study, an electrode capable of realizing a more
flexible and soft touch was manufactured by applying a moss stitch that forms a three-
dimensional structure while the yarn forms a loop. The fabricated electrode was com-
pared and evaluated for the tactile, electrical, and EMG collection performance with the
lock-stitch embroidered electrode developed in a previous study.

Experimental

Materials

The substrate fabric used to manufacture the embroidery electrode was a polyester-
based elastic fabric for application as smart sportswear. The fabric was composed of
88% Polyester and 12% Spandex, and the weight and thickness were 451.5 g/m? and
1.0 mm, respectively. The substrate fabric used was a double weave (wale x course,
128 x 88/5 cm), and the face of the fabric is composed of flat knitted fabrics, and the
backside is double-side knitted fabrics. This study used the same materials reported else-
where (Kim et al., 2022a). The designed electrodes were manufactured using a technical
embroidery machine (SGVA 0109-825, ZSK Stickmaschinen GmbH, Krefeld, Germany).
The needle used for the embroidery machine was No. 14 with 90 Nm. At this time, the
conductive yarn, silver coated polyamide/polyester hybrid thread, from the AMANN
group (Silver-tech, AMANN group, Bonnigheim, Germany) which has a 28 Tex and
resistivity of 530 {)/m, was used for the upper and lower yarns.
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Design and preparation of embroidery textile electrodes

As the shape of the electrode for the EMG acquirement, the design was carried out by
selecting the fill (WF) of the wave-type with a diameter of 20 mm, which was derived
as the optimal design for EMG acquirement in previous studies (Kim et al., 2022a).
The samples were designed using the EPC_win embroidery design program (ZSK
Stickmaschinen GmbH, Germany). Two stitch techniques were selected: a lock stitch
(LS) manufactured in a 2D form and a moss stitch (MS) manufactured in a 3D form.
Both stitch techniques applied the same embroidery parameters of a stitch length of
2.0 mm. The MS type electrode was manufactured by selecting a loop height of 3 mm
through a previous study (Rho et al., 2022). The change was analyzed according to
the density of LS and MS by designing the stitch distances as 1 mm, 2 mm, or 3 mm
(Fig. 1).

A bipolar-type electrode is required to acquire an EMG signal. Accordingly, in this
study, two identical electrodes were designed with a distance between their centers
(IED, inter-electrode distance) equal to 40 mm, as reported elsewhere (Kim et al.,
2020, 2022a). The designed samples were manufactured with a technical embroidery
machine using silver-based conductive yarn on the substrate fabric. Table 1 lists the

images and sample codes of the manufactured samples.

Design and preparation of leg sleeves embedding the embroidery textile electrodes

This study targeted the rectus femoris muscle. The leg sleeve embedded with embroi-
dery textile electrodes was fabricated for surface electromyography (sEMG) (Fig. 2).
sEMG was measured for one subject (sex=female, age=32, height=175 cm, body
weight =60 kg). According to the subject’s condition, the length was 180 mm based

Table 1 Sample codes and images of the samples in this study

Stitch technique Lock stitch
Sample LS_1 LS 2 LS 3
code

Stitch distance (mm) 1 2 3
Sample image 3 E

Stitch technique Moss stitch
Sample MS_1
code

Stitch distance (mm) 1
Sample image
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(a) 1 mm (b) 2 mm (¢)3 mm
Fig. 1 Image of the embroidery textile-based electrode design according to the stitch distances (a) T mm,
(b) 2 mm, and (c) 3 mm

on the electrode part, and the circumferences of the upper and lower thighs corre-
sponding to the position were measured. This study approved by the Institutional
Review Board of Korea Institute of Industrial Technology (KITECH) (IRB No. 2022-
002-001 22 June 2022). According to previous studies (Kim et al., 2020, 2022a), a 30%
pattern reduction rate (PRR) was applied, considering the elasticity of the substrate

fabric.

Characterization

Morphology

The morphology of the embroidery textile-based electrodes was analyzed according to
the stitch technique and distance by measuring at x 35 magnifications using a multi-
media imaging microscope (RH-2000, KEYENCE Co. Ltd., Seongnam, Korea). In addi-
tion, to compare with lock and moss stitch, 3D images were taken using Zeiss Xradia
510 Versa 3D X-ray microscopes (XRM, (Carl Zeiss Microscopy Deutschland GmbH,
Oberkochen, Germany). The measured voltage and power were 50 kV and 4 W, respec-
tively, and the resolution was 22 pm. The number of measured images was 1601 per
sample, and the exposure time was five seconds. The amount of conductive yarn used
in the textile electrode was confirmed by calculating and comparing it according to the
stitch length, distance, number of stitches, and fabric thickness through the EPC_win

PL (Proximal length)

180 mm

NS

PR
(=}

DL (Distal length)

(@)

(©)
Fig. 2 a Schematic diagram of the preparation of leg sleeves with embedded embroider electrode; actual
sample image of (b) wave fill lock stitch (WF_LS) sample, and (c) wave fill moss stitch (WF_MS) sample
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Table 2 Measured condition of the samples

Property Symbol Characteristic value Unit Test condition
Surface test MIU Coefficient of friction - Tension: 400 g
MMD Mean deviation of MIU _ Static friction load: 25 g
) Roughness static load: 10 g
SMD Geometrical roughness pm
Compression test LC Compressional linearity - Maximum load: 50 gf/cm?
WC Compressional energy gfcm/cm? Velocity: 0.02 mm/s
RC Resilience %
T0 Thickness at 0.5 gf/cm? mm
™ Thickness at maximum mm

compressive load

embroidery design program (ZSK Stickmaschinen GmbH, Germany) based on previous
research (Rho et al., 2022).

KES-FB evaluation

The surface and compressional properties were evaluated and compared according to
the conditions of the prepared samples using KES-FB-AUTO SYSTEM (KATO Tech Co.
Ltd., Japan). The test environment was conducted at the standard air condition (20+£2 °C
and 65+4% R.H.). The sample size was 20 cm x 20 cm, and the items of the surface and
compression properties were measured. All the test methods were performed accord-
ing to KES-FB standard methods, and the mechanical characteristic values calculated
through the evaluation are listed in Table 2.

Surface test was measured with KES-FB4 (KATO TECH CO.,, LTD,, Japan), and MIU
(coefficient of fabric surface friction), MMD (mean deviation of MIU), and SMD (geo-
metrical roughness) were analyzed. Surface friction and roughness are measured with
sensitive contactor, which is made by steel pianowires of 0.5 mm diameter. This con-
tactor is placed on the surface of the specimen with the compressional force of 50 gf.
The specimen is moved by a constant velocity of 0.1 cm/s horizontally where the tension
of the specimen is kept 20 gf/cm and the contactor is kept its position. Compression
test were conducted with KES-FB3 (KATO TECH CO., LTD.,, Japan). Here, the factor
of compression linearity (LC), compressional energy (WC), compression resilience (RC)
was measured and Thickness sample (T0) and thickness at maximum compressive load
(TM) also measured. The specimen is compressed by two circular plates of steel hav-
ing 2 cm? area. The velocity of the compression is 20 um/sec and the pressure attains at
50 gf/cm?.

Sheet resistance

The electrical properties of the embroidery textile-based electrode were measured
according to the stitch technique and distance using a 4-point probe conductivity meter
(RSD-IG 4-Probe, DASOLENG., Cheongju, Korea). All samples were measured 10
times, and the average value was used.



Kim et al. Fashion and Textiles (2023) 10:32 Page 7 of 19

Skin-electrode impedance

The impedance of the electrodes is directly related to the signal-to-noise (SNR). Accord-
ingly, the electrodes must undergo an impedance validation that supports efficient EMG
acquirement performance. In this study, the skin—electrode impedance after wearing a
leg sleeve with two embroidery electrodes embedded in parallel was measured accord-
ing to the embroidery stitch technique and distance. First, an Ag/AgCl electrode was
attached to the measuring position of the leg, and impedance was measured to compare
with the embroidery textile-based electrode. The impedance of embroidery textile-based
electrodes was measured and compared according to the stitch technique and distance
after wearing a leg sleeve so that the embroidery electrode could contact human skin.
The distance between the center of these two electrodes was kept at 40 mm, and the
impedance was tested using an impedance analyzer (ZIVE P2 ELECTROCHEMICAL
WORKSTATION, Won-A tech. Co. Ltd., Seoul, Korea). The skin—electrode contact
impedance was measured with an AC sinusoidal signal at the 1 to 1000 kHz frequency
range. For comparison, the skin—electrode impedance value at 100 Hz was analyzed
according to the electrode type, targeting the peak frequency component for EMG. Dur-
ing the experiment, no pre-treatments of the skin, such as shaving or exfoliation, were
carried out separately because people would not implement skin preparations when
wearing SEMG suits in practical use. All measurements were performed on the same day
on the same subject.

SEMG measurement and data processing

Figure 3a shows a schematic diagram of the measuring process for the sSEMG signal by
BIOPAC system. In this study, the sEMG signals from embroidery textile-based elec-
trodes were collected and analyzed during knee extension after wearing the leg sleeves
(Fig. 3b). Based on a previous study (Kim et al., 2020), bipolar EMG records were
obtained using textile-based electrodes on the rectus femoris, which is located on the
anterior thigh and is involved in knee extension and hip flexion. In this study, the same
method used in previous studies was carried out (Kim et al., 2020, 2022a).

Wireless BIOPAC MP 160
Transmit System with
(2.4 GHz digital RF) wireless receiver

For baseline

Subject with
Electrodes
\A\
AcqKnowledge
(download data via U
® Electrode for measuring muscle

® Electrode for reference Testing posture (Knee extension)

(a) (b)
Fig. 3 Schematic diagram for (a) measuring using the sEMG signal and (b) the testing posture for baseline
and knee extension
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Before the test, with no skin preparation, the location of the corresponding rectus fem-
oris, which is the position for measurement, was marked on the skin. Both electrodes
were positioned on the midpoint of the muscle for the rectus femoris, and it was aligned
on the longitudinal axis of the target muscle. A reference electrode, pre-gelled self-adhe-
sive Ag/AgCl electrodes (Kendall LTP, Covidien, MA, USA), was placed over the head of
the fibula, the electrically neutral bony prominence. The sSEMG signal recordings were
amplified and filtered (20-500 Hz) (MP160, BIOPAC Systems, Inc., Goleta, CA, USA).
The entire data processing of sSEMG was performed using AcqKnowledge 5.0.1 Software
(BIOPAC Systems, Inc., Goleta, CA, USA). The data were full-wave rectified and aver-
aged with a 100 ms time constant to draw the amplitude of the signals. For the sSEMG
signal processing, root-mean-square (RMS) operations were performed, and the value
was calculated to validate the utility of the sSEMG signals. The signal-to-noise (SNR) was
then calculated using Eq. (1):

SNR = RMS,,, | RMS (1)

Before testing a muscle contraction, the baseline EMG signals were collected in the
supine position for 10 s to measure the baseline electrode noise. A single-joint knee
extension was conducted with the subject seated to induce muscle contraction signals.
The subject extended the knee until the lower leg became parallel to the floor. Testing
consisted of five consecutive trials for knee extension and knee flexion and each phase
lasted for 5 seconds. In this study, individual differences in muscle activities were not
considered because the study was performed on only one subject. The entire experiment
was conducted at room temperature under 60% RH. The SEMG signals were recorded
during the trials, and three contractions among five times, except the first and last tri-
als, were used to calculate the average activated EMG for comparison (Kim et al., 2020,
2022a).

Results and Discussion

Morphology of the embroidery textile-based electrodes by stitch technique and distance
Table 3 lists the morphology according to the embroidery stitch technique and stitch
distance. In this study, embroidery electrodes were fabricated in one layer to check
the differences according to the stitching technique and density. As investigated by
stitch type, the lock stitch has the same front and back sides because the lock stitch
technique is a linear stitch formed by crossing the upper and lower yarns. On the
other hand, in the case of a moss stitch, the front and back sides are different. The
front side has a loop-shaped stitch and forms a bulky, three-dimensional structure.
However, the back side is identified as a linear stitch in the same way as the lock
stitch. The moss stitch technique forms a loop at the top while pulling a thread using
a hook-type needle for one conductor and forms a stitch-type at the backside.

As confirmed by the stitch distance, the density increased as the distance between
the conductive yarn narrowed. In particular, because the moss stitch has a bulky
shape, the contact area between the conductive yarns increased as the stitch distance
increased. This was also related to the amount of conductive yarn used, and as the den-
sity increased, the conductive yarn use of LS_1, LS_2, and LS_3 was 65.8 cm, 34.8 cm,
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and 22.0 cm, respectively. The corresponding use of MS_1, MS_2, and MS_3 moss was
263.2 cm, 139.2 cm, and 88.0 cm, respectively. The amount of yarn used in the stitch was
approximately four times longer than the lock stitch. In addition, more conductive yarn
was used in the case of a loop with a height of 3 mm higher than that of a linear stitch.

Figure 4 shows 3D images of LS_1 and MS_1 taken by X-ray microscopy. As shown in
Fig. 4a, b, while LS_1 is linear, MS_1 has more conductive areas in the form of a loop.
Moreover, the contact points between the conductive yarns increased. Figure 4c shows
the height of the loop, showing that the overall height is approximately 3 mm. The mor-
phological characteristics according to the stitching technique and density are expected
to affect the tactile, sheet resistance of the electrodes, skin—electrode impedance, and
sEMG signal acquisition.

KES-FB analysis of the embroidery textile-based electrodes by stitch technique

and distance

Surface property

Embroidery is a patterning method by which a series of overlapping stitches is formed
from a single continuous threador multiple threads, on a fabric substrate. As confirmed
in the previous morphology result, it was possible to confirm the morphology of the

Table 3 Morphology of the embroidery-based textile electrodes by the stitch technique and
distance

Sample code

LS_1 LS_2 LS_3

x 35.0 (surface)

x 35.0 (back)
Stitch distance (mm) 1.0 2.0 3.0
*Total length (cm) 65.8 348 220

Sample code

MS_1 MS_2 MS_3

x 35.0 (surface)

% 35.0 (back)
Stitch distance (mm) 1.0 2.0
*Total length (cm) 263.2 139.2 88.0

Total length*: (LS, Lock stitch) Number of stitch x (Stitch length + thickness of raw material)
(MS, Moss stitch) Number of stitch x 2(Loop height + thickness of raw material)
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(a) Lock stitch (b) Moss stitch

Substrate

Substrate

(¢) Loop height of moss stitch

Fig. 4 3D image of (a) lock and (b) moss-based embroidery textile electrode and (c) loop height of the moss
stitch

linear 2D and bulky 3D forms according to the stitch technique. Accordingly, Fig. 5
shows the measurement results of the surface properties according to the stitch tech-
nique and distance to quantify the morphological characteristics using the Kawabata
system.

The surface characteristic values of the fabrics are as the coefficient of friction (MIU),
mean deviation of MIU (MMD), and geometrical roughness (SMD), which are related
to the smoothness of the fabric. The coefficient of friction is closely related to crispness,
which is a feeling when the surface is crisp and rough, among the characteristics that
evaluate the fabric quality and the coolness and warmth of the fabric. In addition, the
smaller the MIU and SMD values, the smoother the surface is, and the larger the MIU
and SMD values, the rougher the surface.

Figure 5a shows the results of MIU according to the stitch technique and distance in
the wale and course directions. In the case of the substrate fabric and LS samples, the
MIU values in the wale direction were small. On the other hand, the MS sample showed
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Fig. 5 Surface properties of the embroidery-based textile electrode using the stitch technique and distance.
* LS: Lock stitch, MS: Moss stitch

a similar MIU values in the wale and course directions. In LS, there is a difference
between the substrate fabric and the conductive yarn in the electrode, so the difference
in the wale and course directions appears large. However, the MIU values in the wale
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Fig. 6 Compression properties of the embroidery-based textile electrode using the stitch technique and
distance. * LS: Lock stitch, MS: Moss stitch

Table 4 AT and WC/TO value of the embroidery-based textile electrodes by the stitch technique
and distance.

Sample code

Substrate LS 1 MS_1
AT (%) 9634092 26.5546.76 65.03+£4.24
WC/T0” 0.18£0.03 0.37+0.06 0674008

*AT: (TO** - TM**¥) x 100

**T0: Thickness at 0.5 gf/cm?
***TM: Thickness at maximum load
LS: Lock stitch, MS: Moss stitch

and course directions were similar in MS because the electrode is filled with conductive
yarn. In case of MMD values by the embroidered technique, the deviation of LS tended
to be larger than that of MS (Fig 5b).

In the SMD results, the lock stitch values were larger in the course direction, similar to
the MIU results (Fig 5c). On the other hand, in the case of the moss stitch, the wale and
course directions were relatively similar, and the course direction was relatively small.
Accordingly, it was confirmed that the MIU of MS was similar to that of LS, but the dif-
ference according to the direction was small, and the deviation was also low.

Compressional property

Compressional property presents the resilience and fullness of the fabric, which are
important parameters for determining comfort and hand value. In Kawabata’s evaluation
system, the factors that indicate compressional properties include compression linearity
(LC), compressional energy (WC), which indicates the deformation with respect to com-
pression force, and compression resilience (RC), which indicates the degree of recovery
against compression deformation (Lee, 2022; Choi & Ashdown, 2000).

Figure 6 indicates the results of compressional properties of the embroidery-based
textile electrode of substrate fabric, LS_1, and MS_1. A larger LC value means greater
resistance to the compressive force. As shown in Fig. 6a, LC increases in the order of
MS < LS < Substrate. MS_1 had the smallest LC value of 0.42 £+ 0.08 compare with LS and
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Substrate. Accordingly, the moss stitch has lower compression resistance than the lock
stitch.

In general, the results of RC and WC mainly affect the characteristics of the fabric,
and a larger RC value means greater recovery from compression. Compressional energy
(WC) represents the ease of deformation with respect to the compressive force; this is
related to the comfort of the textile product (Tadesse et al., 2018). The compressibility
becomes easier with a lower compressional energy. As shown in Fig. 6b, RC appeared
in the order of MS < LS < Substrate. The RC value of LS_1 had 46.8+7.4%, and MS_1
showed 31.6+£2.1%. Figure 6c¢ indicates the compression resilience of the embroi-
dery textile electrode from the stitch technique and distance. WC was observed in the
order of Substrate < LS <MS. Substrate showed the smallest value of 0.1940.03 gf cm/
cm?, and LS_1 showed approximately 0.76 gf cm/cm® The WC value of MS_1 was
4.51£0.17 gf cm/cm?. It was confirmed that the 3D loop-shaped MS consumes more
compression energy than the 2D-shaped LS.

To relatively compare the stitch technique and density of embroidery electrodes,
Table 4 lists the thickness change rate and WC by dividing the thickness (TO0) of the
sample. A comparison of the thickness before and after compression revealed Sub-
state < LS < MS: 9.63 +0.92% for Substrate, 26.55+6.76% for LS 1, and 65.03 +4.24% for
MS_1. Therefore, it was confirmed that the thickness change was the largest during the
compression of the moss stitch. As confirmed by the morphology, the moss stitch has
a large range of heights that can be compressed under the same load because the moss
stitch has a three-dimension structure with a loop shape. In contrast, the linear-type
lock stitch is relatively compressed because it is close to the fabric. Thus, it was found to
be a small range of LS. In addition, in the case of embroidery stitch, because it consists
only of conductive yarn, it has a stiffer characteristic than general yarn. As the density
increases in WF_MS, the amount of conductive yarn also increases, which appears to
affect recovery (Lee, 2022).

As shown in Table 4, WC/TO0 showed a similar trend to AT: Substrate <LS <MS. The
WC/TO values of LS_1 and MS_1 were 0.37 +0.06 and 0.67 £ 0.08, respectively. In other
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Fig. 7 (a) Sheet resistance and (b) skin-electrode impedance of an embroidery-based textile electrode using
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words, the embroidery-based textile electrode made of moss stitch was bulky, so it had
great flexibility and a soft feel when compressed.

Sheet resistance of the embroidery textile-based electrodes by stitch technique

and distance

The surface resistance is associated with the contact resistance between the neighbor-
ing yarns through contact points as crossovers (Katerine et al., 2022). Figure 7a shows
the sheet resistances of the embroidery-based textile electrodes according to the stitch
technique and distance. LS_1, LS_2, and LS_3 were 1.26+£0.16 Q/sq, 2.49+0.71 Q/
sq, and 4.12£0.79 Q/sq, respectively; MS_1, MS_2, and MS_3 were 0.87+0.23 Q/sq,
1.73£0.47 Q/sq, and 3.67 +=0.89 Q/sq, respectively. The sheet resistances of LS were
larger than MS. In addition, as the stitch distance decreased, the resistance tended to
decrease because conducting silver particles came close to the stitch distance, and more
continuous conductive networks formed (Lee, 2022; Montazer & Komeily, 2015). There-
fore, as confirmed in the morphology, there are many areas where the bulky moss stitch
can contact each other compared to the linear lock stitch when compressed. The elec-
trical properties are promoted by producing more networks that allow the movement
of electrons. In addition, a higher yarn density means that the electrode area is more
densely covered with conductive yarns. Therefore, the full electrode area is available as
the contact area, while for a lower density, gaps are visible between the yarns, which
means a difference between the electrode area and the effective contact area is expected.
This suggests that a higher yarn density leads to better skin contact and improves elec-
trode performance (Euler et al.,, 2021). Accordingly, the shape of MS_1 has the lowest
skin—electrode impedance, enabling stable signal acquisition.

Skin-electrode impedance of the embroidery textile-based electrodes by stitch technique
and distance

Because bio-potential signals exhibit a frequency range, contact impedance properties,
which depend on signal frequency, must be characterized to provide a better under-
standing of the electrical properties at the skin—electrode interface. Accordingly, the
skin—electrode contact impedance must be minimized to acquire a high-quality signal
with low noise levels (Katerine et al., 2022).

Figure 7b indicates the skin—electrode impedance of embroidery-based textile elec-
trodes using the stitch technique and distance. As shown in Fig. 7b, the skin—electrode
impedance of the reference electrode, the Ag/AgCl hydrogel electrode, is 209.9 £ 4.5 Q.
The textile-type embroidery electrode showed less noise than the reference electrode.
Textile electrodes generally show much higher impedance than conventional wet/
gel electrodes when first applied to the skin owing to the strong capacitive behavior
of dry textile electrodes from the absence of an electrolyte (Katerine et al., 2022). The
lock and moss stitch-based embroidery electrode showed the same trend as the sheet
resistance analyzed previously. Overall, the skin—electrode impedance of the moss stitch
shows a lower value than the lock stitch sample, confirming that the noise is low. The
LS_1, LS_2, and LS_3 skin—electrode impedances were 536.6+11.8 Q, 573.7+18.8 Q,
and 694.9+52.6 Q, respectively; MS_1, MS_2, and MS_3 were also 335.1£25.8 Q,
402.3£10.3 Q, and 507.2 +24.5 Q, respectively. Both results showed a gradual decrease
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with decreasing the stitch distance. Accordingly, as the stitch distance decreased, the
skin—electrode impedance decreased, confirming that a more stable signal could be
obtained.

sEMG signal and average rectified SEMG of the embroidery textile-based electrodes

by stitch technique and distance

Figure 8 shows the filtered from 20 to 500 Hz and full-wave sSEMG signals obtained using
different types of electrodes. According to previous studies (Kim et al., 2020, 2022a),
the sSEMG signal of rectus femoris was acquired by repeating the knee flexion—exten-
sion process five times while wearing a leg sleeve containing the embroidery textile elec-
trodes. The sEMG signal was obtained from each electrode by repeatedly measuring for
5 seconds of release-and-rest periods following each flexion.

As shown in Fig. 8, all the embroidery electrodes acquired the sSEMG signal of muscle
activation. The signal amplitude of the reference electrode, which is the Ag/AgCl hydro-
gel electrode, was the largest, which was related to the impedance analyzed above. This
is because textile electrodes generally show much higher impedance than conventional
wet/gel electrodes when first applied to the skin, owing to the strong capacitive behavior
of the dry textile electrodes from the absence of an electrolyte (Katerine et al., 2022).
When comparing the stitch techniques of the embroidery-based textile electrode, the
signal amplitude was similar to the lock and moss stitch, but the stability of the signal
acquired, like noise generation, was more stable in the moss stitch. It also showed dif-
ferent results depending on the stitch distance. As the stitch distance became closer, the
noise decreased during signal acquisition. Accordingly, the signal stability of LS_1 and
MS_1 was excellent, and in particular, MS_1, which is a moss stitch, was the best. The
sEMG signal shows a similar tendency to the skin—electrode impedance because it is
affected by the skin adhesion of the electrode and the area where the conductive mate-
rial in the electrode contacts the skin. Accordingly, from a structural point of view, the
lock stitch has a 2-dimensional linear structure that allows excellent skin adhesion. On
the other hand, when a leg sleeve with a 3-dimensional loop-type moss stitch is worn,
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the contact points between the conductive yarns increase as they are closely adhered to
by the clothing pressure. Thus, the signal was amplified and stable because more areas
can be in close contact with the skin than the lock stitch.

Figure 9 presents the average rectified SEMG of the baseline before and after muscle
activation and the signal-to-noise ratio (SNR) for the different electrode types. As shown
in Fig. 9a, the baseline electrode noise differed according to the stitch technique and
distance. The baseline noise of the Ag/AgCl electrode, which is the reference electrode,
was 0.017£0.004 mV. In the case of the embroidery textile electrodes, LS_1, LS_2, and
LS_3 were 0.010£0.000 mV, 0.012+0.001 mV, and 0.016£0.001 mV, respectively, and
MS_1, MS_2, and MS_3 were 0.008 £ 0.000 mV, 0.009 +0.002 mV, and 0.014 £ 0.002 mV,
respectively. As a result, the baseline electrode noise was lower than that of the Ag/AgCl
electrode, suggesting that the embroidery-based textile electrodes were stable in the
femoris in the supine position.

The results of the SEMG signals during muscle contraction indicated different val-
ues depending on the type of textile-base embroidery electrode (Fig. 9b). As shown
in Fig. 9b, the reference electrode showed a value less than 0.535+0.051 mV, and
the embroidery textile electrode indicated a value less than that, but a slight differ-
ence was shown. LS_1, LS_2, and LS_3 were 0.527+0.010, 0.523+0.024 mV, and
0.485+0.032 mV; MS_1, MS_2, and MS_3 were 0.495 +0.005 mV, 0.429 = 0.006 mV, and
0.422 £ 0.005 mV, respectively. The results confirmed that the muscle activation signal
amplitude tended to increase with decreasing stitch distance, and the moss stitch type
showed a lower value than the lock stitch type. When comparing deviations, however,
more stable signal acquirement was possible because the shape of the moss stitch is less
than that of the lock stitch. As mentioned above, the 2D type of linear lock stitch has
excellent skin adhesion, but it appears to generate more noise because the amount of
conductive material in contact with the skin is relatively small compared to the moss
stitch. In addition, When the loop-type moss stitch was worn as a leg sleeve, the loops
were in contact flat with the skin while being pressed by the pressure of clothing, and the
contact points between the conductors increased, so the area that could be in close con-
tact with the skin is larger than the lock stitch. This suggests that the signal is stable and
amplified when fabricated with a moss stitch.

Based on these results, the SNR was calculated as the ratio of active EMG to the base-
line EMG. As shown in Fig. 9c, the SNR of reference electrode was 31.097 £4.328, LS 1,
LS_2, and LS_3 were 54.609+7.223, 41.616 +10.372, and 31.808 & 8.245, respectively;
MS_1, MS_2, and MS_3 were 56.354 & 3.874, 44.815 £ 8.754, and 30.867 £ 5.982, respec-
tively. The results of SNR confirmed that lock and moss stitches showed similar values
for each stitch distance. In addition, in the case of standard deviation, the stitch distance
was 1 mm<2 mm<3 mm, and the moss stitch showed a smaller value than the lock
stitch. The conductive yarn in the electrode increased as the stitch distance decreased;
thus, the area that could be in contact with the skin increased and stably adhered. There-
fore, by applying a moss stitch when fabricating textile-type electrodes, it is expected to
apply to the production of smart clothing for SEMG measurement, which is softer to the
touch and more flexible and has excellent sSEMG signal acquisition performance.
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Conclusions

This study was proposed a dry electrode that can collect bio-signal of the human body
using a traditional embroidery technique, a lock stitch, and a moss stitch that forms a
three-dimensional structure while the yarn forms a loop. The performance according to
the embroidery stitch technique and the stitch distance was evaluated by preparing sam-
ples with two stitch techniques, lock and moss stitch, and three stitch densities. The tac-
tile, electrical, and EMG signal acquisition performance of each manufactured electrode
was analyzed.

The surface and compressive properties of the electrodes were evaluated using the Kawa-
bata evaluation system. As the stitch distance decreased, the density between the conduc-
tive yarns in the electrode increased. It was confirmed that the MIU was larger than the
lock stitch because the moss stitch took the form of a loop. However, as the results of SMD
analysis, the moss stitch showed a smaller value than the lock stitch, and it was confirmed
that the surface of MS was smoother than that of LS. In the case of compression prop-
erty, the height range that can be compressed under the same load was large because the
moss stitch is a three-dimension type having a loop shape in structure. On the other hand,
the linear-type lock stitch has a relatively small compressive range because it is close to
the fabric. Accordingly, the WC value of MS was small, confirming more flexibility. The
shape and density of these electrodes also affected the sheet resistance and skin—electrode
impedance. The stitch distance decreased, and the sheet resistance and skin—electrode
impedance of the electrode fabricated with the loop-type moss stitch decreased. This was
attributed to more paths for silver particles with conductivity to form a conductive net-
work. In addition, the area that can contact each other increases in the bulky form than in
the linear form. Accordingly, it affected sSEMG@G signal acquisition, and it was confirmed that
more stable signal collection was possible in the case of moss stitches.

Therefore, by applying moss stitch when fabricating textile-type electrodes, it is
expected to apply to the production of smart clothing for SEMG measurement, which
is softer to the touch and more flexible and has excellent SEMG signal acquisition

performance.
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