ﬁ Sensors

Article

The Effect of Sleeve Pattern and Fit on E-Textile
Electromyography (EMG) Electrode Performance in Smart
Clothing Design

Gozde Goncu-Berk * and Bilge Guvenc Tuna 2

check for

updates
Citation: Goncu-Berk, G; Tuna, B.G.
The Effect of Sleeve Pattern and Fit on
E-Textile Electromyography (EMG)
Electrode Performance in Smart
Clothing Design. Sensors 2021, 21,
5621. https://doi.org/10.3390/
521165621

Academic Editor: Javad Foroughi

Received: 13 July 2021
Accepted: 7 August 2021
Published: 20 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Department of Design, UC Davis, 1 Shields Ave, Davis, CA 95616, USA

Department of Biophysics, Medical Faculty, Yeditepe University, 26 Agustos Yerlesimi,
Inonii Mah. Kayigdagi Cad., Atagehir, Istanbul 34755, Turkey; bilge.tuna@yeditepe.edu.tr
*  Correspondence: ggoncuberk@ucdavis.edu

Abstract: When e-textile EMG electrodes are integrated into clothing, the fit of the clothing on the
body, and therefore its pattern and cut become important factors affecting the EMG signal quality in
relation to the seamless contact between the skin and the e-textile electrode. The research so far on
these effects was conducted on commercially available clothing or in tubular sleeve forms for arms.
There is no study that investigated different clothing pattern and fit conditions and their effect on
e-textile EMG electrode performance. This study investigates the effect of clothing pattern and fit in
EMG applications using e-textile electrodes integrated onto the sleeves of custom drafted t-shirts
in set-in and raglan sleeve pattern variations. E-textile electrode resistance, signal-to-noise ratio
(SNRdAB), power spectral density and electrode-skin impedance are measured and evaluated in set-in
sleeve and raglan sleeve conditions with participants during a standardized arm movement protocol
in comparison to the conventional hydrogel Ag/AgCl electrodes. The raglan sleeve pattern, widely
used in athletic wear to provide extra ease for the movement of the shoulder joint, showed superior
performance and therefore indicated the pattern and cut of a garment could have significant effect on
EMG signal quality in designing smart clothing.
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1. Introduction

Electromyography (EMG) is a diagnostic recording system routinely used in clinical
applications to measure electrical activity of striated muscles as voltage and get information
about the health condition of neuron groups that stimulate these muscles. Surface EMG
(sEMG), which can be applied wirelessly, is widely used to study the dynamic muscle
activity where the signals from muscles are registered noninvasively from the skin sur-
face by electrodes to evaluate muscle activity without interfering with movements. In
sEMG applications, electronic textile (e-textile) electrodes present multiple advantages
including the possibility of being integrated into clothing for continuous muscle activity
tracking when compared with the conventional, single use, hydrogel Ag/AgCl electrodes
that require skin preparation. E-textile electrodes also offer the advantages of softness,
flexibility, air permeability, multi-use and self-administration without medical assistance.
In a comprehensive review by Guo et al. [1] embroidery [2,3]; knitting and weaving [2];
coating, screen printing [4] and bonding conductive materials are reported as the main
methods of fabricating e-textile SEMG electrodes. Research also showed that the embroi-
dery method provided repeatable and highly accurate results in manufacturing e-textile
SEMG electrodes [5,6].

The major drawback in embedding e-textile electrodes into clothing is the loss of
contact between skin and the electrode surface due to movements of the body and clothing
in dynamic conditions where clothing may not behave and change in shape corresponding
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exactly to the body movement. Martin et al. discussed the effect of body size and motion
in sensor and electrode placement on clothing [7].

Studies exploring e-textile SEMG electrodes embedded in different clothing forms
report on the importance of the interaction between the electrode and body during move-
ment. According to Finni et al. good fit of shorts provided good contact between e-textile
electrodes and the skin, and prevented electrode displacement during joint movement [8].
However, authors did not provide a clear discussion of what constitutes as ‘good fit’.
Another study by Taelman et al. similarly noted the fit of shirts as critical to reduce mis-
alignment artifacts such as the muscle to electrode and electrode to electrode distances [9].
Authors suggested the fixed position of the e-textile SEMG electrode relative to the moni-
tored targeted muscle in the design of the shirts and quantified the displacement of the
shirt relative to the skin. Markers were placed on certain anatomical landmarks on the
skin and on corresponding locations on the shirt to measure the displacement during
shoulder movement and the influence of the amount of displacement on the EMG signal.
The authors concluded that when the displacement of the shirt relative to the muscle is
within 2.5 cm, the EMG signals were acceptable while the displacements of electrodes on
the bone were not acceptable. In addition, e-textile SEMG electrode size and locations
have been investigated. Kim, Lee and Jeong found out that signal-to-noise ratio of EMG
signals increased significantly as the e-textile electrode, fabricated from silver and carbon
conductive sheet, diameter increased [10]. On the other hand, as the e-textile diameter
increased, the trade-off was the increase of the cross talk between the e-textile electrodes.

Other studies attempted to improve e-textile electrode and skin contact through
different mechanisms. The first strategy was to add thickness between the electrode and the
base fabric through embossed embroidery patterns or filling inserts such as foams, which
may end up with uneven surfaces and altered the silhouette in tight-fitting clothing [10].
Liu, Zhu and Xia attempted to enhance the contact between e-textile electrocardiography
(ECG) electrodes and the skin by covering the woven electrode adhered on the fabric
surface by an 8-mm-thick sponge and by optimizing the shirt fit to minimize the textile
displacements at the region of interest during moderate body movements [11].

Comert et al. compared knitted e-textile electrode paddings of different thicknesses
and softness in retrieving ECG signals and reported that regardless of the clothing pressure
exerted on electrodes, using paddings considerably improves signal quality and lowers
motion artefacts [12]. Cho et al. employed e-textile ECG electrodes embroidered into an
inflated shape to improve skin contact and non-elastic base fabric under the e-textile elec-
trode to reduce signal-to-noise from stretch of the clothing during wearer’s movements [13].
Authors integrated these e-textile electrodes into different conditions created by elastic
straps embedded in a shirt in horizontal, cross and x forms and compared the dynamic
displacement of electrodes relative to the movement of the upper limbs and the torso in
these conditions. The study concluded the shirt condition with cross form elastic strap
performed the best in reducing the influences of motion artefacts and skin resistance.

The second strategy to improve e-textile electrode and skin contact was adjusting
clothing tightness or, in other words, clothing fit, which is directly related to clothing
pattern and cut [4]. Kim, Lee and Jeong investigated the effect of pressure between the skin
and e-textile electrode by reducing the pattern in the width direction of leg sleeves from
0% to 30% to create a snugger fit and therefore increased clothing pressure applied over
the electrodes. The authors recommended that clothing pressure over an electrode of more
than 10 mm Hg for a textile-based electrode with a diameter of 20 mm was comparable
to a traditional Ag/AgCl electrode [10]. Similarly, An et al. studied the effect of clothing
pressure on e-textile ECG electrodes and concluded with an optimal pressure of 30 mmHg
after which the participants felt uncomfortable [4]. Comert et al. also compared the effect
of pressure applied on e-textile ECG electrodes in the arm sleeve form [12].

When e-textile EMG electrodes are integrated into clothing, the fit of the clothing on
the body becomes an important factor directly affecting the EMG signal quality [13]. Fit of
the clothing and therefore pattern and cut directly affect the contact area and the pressure
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between the skin and e-textile electrode, as well as the signal-to-noise ratio and electrical
resistivity of e-textile EMG electrodes. However, the research so far focused on these effects
through commercially available clothing or in tubular sleeve forms for arms. There is no
study that investigates different clothing pattern and fit conditions. This study investigates
the effect clothing pattern and cut in EMG applications using e-textile electrodes integrated
onto the sleeves of custom drafted t-shirts in set-in and raglan sleeve pattern variations.
E-textile electrode resistance, signal-to-noise ratio (SNRdB), power spectral density and
electrode—skin impedance are measured and evaluated in set-in sleeves and raglan sleeves
with participants during a standardized arm movement protocol in comparison to the
conventional hydrogel Ag/AgCl electrodes.

2. Materials and Methods
2.1. Materials

The custom-fitted t-shirts with different sleeve variations were prototyped using a one-
way stretch, polyester single-jersey knit fabric. For sportswear, knitted fabrics are widely
preferred based on their unique characteristics such as elasticity, wrinkle resistance and
ease of care [14], superior comfort qualities of water vapor permeability, air permeability,
thermal conductivity and moisture management [15]. Synthetic fibers are considered as
better alternatives compared to other fibers in active sportswear due to their heat and
moisture management capabilities. Polyester is especially a popular synthetic fiber with
its high dimensional stability, high strength and resistance to mold, organic solvents and
alkalis [16].

In manufacturing the e-textile EMG electrodes, 100% polyamide core, silver-plated,
2-ply Madeira HC 12 (<100 €2/m) conductive embroidery thread was used. This partic-
ular thread was preferred since it is specifically developed for embroidery applications
transforming Statex’ silver plated Shieldex thread. A prior study also proved superior
compatibility of Statex Shieldex thread in embroidery applications of e-textiles [17].

2.2. Material Characterization

Physical and mechanical properties of the knit fabric were measured. The fabric
thickness was measured according to the ASTM D1777-96 (2015) standard; mass per unit
are (weight) of the fabric was measured according to the ASTM D3776 standard; linear
density of the fabric was determined. Bursting strength properties and elasticity of the knit
fabric were determined using a Titan Universal Test device with 50 N load cell, consequently
according to TS 393 EN 1SO13938-1 and EN 14704-2005 standards.

The mechanical characteristics of the conductive thread such as thickness (dtex) and
twist direction were determined. Electrical characterization of the conductive thread was
performed in three repeats and then statistically analyzed. Electrical resistance of the thread
was determined with the four-point probe method, while the signal-to-noise ratio (SNRdB)
was measured using a function generator and oscilloscope.

2.3. Prototype Development

The t-shirts were prototyped in two different sleeve pattern variations of set-in and
raglan sleeve styles (Figure 1). Set-in sleeve and raglan sleeve patterns were selected as
they are widely used in athletic wear and as they create different fit conditions around the
shoulder and arm.

Two t-shirt patterns with set-in sleeves and raglan sleeves were custom drafted for
one male and two female participants whose body measurements were retrieved using
a Size Stream 3D body scanner (Figure 2). Waist, bust, neck, armhole, bicep and wrist
circumferences, shoulder width and length, bust to bust length, arm length, half-back
center, side neck to bust length and mid-shoulder to waist measurements were used to
draft the t-shirt patterns for each participant. T-shirt patterns with set-in sleeves and raglan
sleeves were then manually drafted based on the extension percentage of the knit fabric
in course direction (138.3%) (BS EN 14704-2005 standard). A total of six custom-fitted
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t-shirt prototypes (one with set-in sleeve, one with raglan sleeve) were produced for the
3 participants.

A) B)

/\, :

Figure 1. (A) T-shirt with set-in sleeve style, (B) t-shirt with raglan sleeve style.

..vi‘ i
Pl AP

Figure 2. (A) Set-in and Raglan sleeves with embroidered electrodes, (B) The t-shirt prototypes

constructed with set-in and raglan sleeve styles.

E-textile EMG electrodes were embroidered on the right sleeve pattern of each t-shirt
prototype using the polyamide silver-plated Madeira HC 12 (<100 ()/m) thread and a
ZSK Sprint CAD embroidery machine. EMG electrodes were digitally modelled using
Tajima DG15 by Pulse embroidery software with the satin stitch type which is a series of
flat stitches that completely cover a section of the fabric. During the embroidery process
under-stitching with non-conductive thread was used to create a stabilized fabric surface,
then the electrode surface was embroidered on top with the Madeira HC12 conductive
thread. The under-stitching also helped to add extra raised surface for the electrodes which
was critical for better electrode-skin contact. Two embroidered EMG electrodes (anode
and cathode) with a 20-mm diameter were located 40 mm apart from each other on the
sleeve pattern to correspond to the location of the Biceps Brachii muscle of the arm; one
embroidered EMG electrode (ground) was located to correspond to the Humerus elbow
bone; two additional electrodes were embroidered for use to stimulate muscles (Figure 3).
The electrodes were embroidered on the inner surface of the sleeve for direct contact with
the skin and male side of metal snaps were clipped on the embroidered electrodes on the
outer surface of the sleeve for connection to the Delsys snap EMG sensor system.
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Figure 3. Placement of embroidered electrodes relative to each other.

2.4. Experimental Protocol

Experiments were conducted based on the procedure approved by Istanbul Technical
University IRB with a total of five participants. Body Mass Indexes (BMIs) of all participants,
demographic information, major body measurements and clothing sizes are listed in
the below Table 1. Clothing sizes of the participants were determined based on visual
evaluation of the garment fit by an expert scholar in clothing design due to limitation of
the ASTM D5585-21 D6240/D6240M-12(2021) el standards [18] in accommodating variety
in body measurements of individual participants. To determine clothing size, participants
were fitted to a store bought long-sleeve top from a worldwide known sportswear company
and the fit was evaluated based on smoothness of the fit with comfort and without any
restrictions in movements, position of the structural seam lines and the balance of the
garment on the body without fabric strains or wrinkles [19-21].

Table 1. Demographic information, clothing size and BMI measurements of participants.

. . Clothing Prototype Armhole Bicep Shoulder Chest/Bust
Participant  Gender Age  BMI Size Fit Condition Girth (cm)  Girth (cm)  Width (cm)  Girth (cm)
1 Male 39 25.2 M Custom Fit 53.84 31.95 51.38 99.08
2 Female 26 234 S Custom Fit 4119 11.64 37.84 92.07
3 Male 43 25.8 M Snug compared to 54.62 32.58 51.76 101.08
Participant 1
4 Female 2 19.8 s Custom Fit 39.49 10.49 36.65 85.09
5 Female 38 21.1 S Loose compared to 40.79 10.72 37.16 83.21
Participant 2
- Clothing Prototype Armhole Bicep Shoulder  Chest/Bust
Participant  Gender  Age  BMI Size Fit Condition  Girth (em)  Girth (cm)  Width (cm)  Girth (cm)
1 Male 39 25.2 M Custom Fit 53.84 51.38 99.08
2 Female 26 234 S Custom Fit 4119 37.84 92.07
3 Male 43 25.8 M Snug compared to 54.62 51.76 101.08
Participant 1
4 Female 22 19.8 S Custom Fit 39.49 36.65 85.09
5 Female 38 21.1 S Loose compared to 40.79 37.16 83.21

Participant 2

Out of these five participants, one male and two female participants were body-
scanned and their body measurements were used to custom draft the two t-shirt patterns
with set-in and raglan sleeves. In addition to the three body-scanned participants, one
female and one male participant with matching sizes to the initial three body-scanned
participants were recruited to analyze the conditions where the t-shirt was slightly snug
and slightly loose within the same size limits compared to the custom-fit conditions. In
Table 1, major body measurements that affect sleeve and shoulder fit are included to
provide a quantitative comparison of custom fit and non-custom fit participants.
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EMG measurements were taken from the participants under three conditions: 1. Bare
skin with conventional hydrogel Ag Ag/Cl electrode; 2. Raglan sleeve t-shirt with em-
broidered e-textile electrode, 3. Set-in sleeve t-shirt with embroidered e-textile electrode in
a random order. EMG measurements were retrieved using a wireless Delsys snap EMG
sensor which was connected to the embroidered electrodes on the sleeves for t-shirt con-
ditions and to the conventional Ag/AgCl hydrogel electrode for the bare skin condition
via metal snaps. For each condition, participants engaged in a 2.5 kg dumbbell biceps curl
movement which they repeated for 10 times synchronizing their bicep curl movements
to a standardized metronome beat/second rhythm. In each condition, EMG data was
retrieved in three repetitions of the same movement protocol to ensure a repeated measure
experiment design.

In addition to the EMG measurements, electrode skin impedance data under three
conditions for each participant were measured using a desktop LCR meter device (Instek
LCR 6100) while the participants were in a still arm position. The measurements were
performed by using a standard two-electrode configuration [22] and AC sinusoidal signal
at the 0.1 to 1000 kHz frequency range. Similarly, three repetitions of electrode skin
impedance per participant were employed to ensure a repeated measure experiment
design. In addition, resistance and SNRdB were measured in the embroidered electrodes
as well as conventional EMG electrodes.

2.5. Data Analysis

Collected EMG signals under three different conditions were analyzed using MATLAB
according to the EMG signal forms, frequencies and SNRdB values to evaluate the effect of
sleeve pattern on embroidered EMG electrode performance in comparison to conventional
hydrogel electrodes applied to the bare skin.

SNRdB was calculated using the Equation (1). 8 contractions among 10 measurements
of each participant, excluding the first and last trials, were used to calculate the signal Root
Mean Square (RMS). RMS of the noise was calculated from the 10 s of silent muscle activity
recording before the beginning of the biceps curl movement.

SNR = 20 * log 10 <RMS (Signal) )

RMS (Noise) @)

Power spectral density (PSD), a tool for analysing EMG data in frequency domain
characteristics, was used to compare the EMG signal further using MatLab. PSD was
calculated by squaring the absolute value of Fourier Transform of EMG signal divided by
the signal length. Dominant frequency, the frequency of the maximum amplitude of PSD
were calculated for each trial of each participant under three conditions. One-way ANOVA
and LSD post-hoc analysis were used to analyze all the data where p < 0.05 corresponded
to significant difference between conditions.

Electrode skin impedance results for each participant under three conditions were
calculated as mean = standard deviation (SD). Since the data displayed normal distribution,
both electrode-skin impedance and SNRdb measurements for embroidered electrodes
on the t-shirts were analyzed using the Student’s t-test in comparison to conventional
hydrogel Ag/AgCl electrodes. In addition, one-way ANOVA and LSD post hoc analysis
were used to analyze all the data where p < 0.05 corresponded to significant difference
between conditions.

3. Results and Discussion
3.1. Material Characterization

The wale density of the knit fabric used to prototype the t-shirts was measured as
21 wale/cm while the course density was 41.8 course/cm. As displayed in Table 2, the
thickness of the fabric was 51.6 um, the mass per unit area was 182.3 (g/m?) and bursting
strength was 12.34 kPa. The knit fabric displayed 102.8% elasticity in wale direction and
138.3% in course direction. The residual elasticity rate measurement revealed rates of 10%
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in wale and 14% in course directions. Residual elasticity rate refers to recovery of the fabric
or the bounce back to the original size after it has been stretched. Elasticity percentage and
residual elasticity rate in course direction were used to calculate the negative ease during
pattern drafting of the t-shirts with set-in and raglan sleeve variations. Negative ease refers
to reducing the garment pattern dimensions so that the garment measurements are smaller
than the body measurements but the elasticity of the knit fabric provides the ease and room
for movement while creating a body tight fit.

Table 2. Mechanical characteristics of the knit fabric used for t-shirt prototypes.

Thickness Weight Elasticity (%) Residual Elasticity (%) Bursting
(um) (g/ 'm?) Wale Course Wale Course Strength (kPa)
51.6 182.3 120.8 138.3 10 14 12.34

Madeira HC12 conductive embroidery thread used to embroider EMG electrodes on
t-shirt prototypes had 610 =+ 15 dtex value and was a z-twist. The mean electrical resistivity
of the thread was measured as 6.0 £ 0.0 () per 10 cm length. Table 3 represents the electrical
characterization results of the embroidered EMG electrodes with the Madeira HC12 thread
in comparison to the conventional Ag/AgCl hydrogel electrodes. Results showed signifi-
cant difference between the embroidered EMG electrode and the conventional electrode
where electrical resistance was lower and SNRdB was higher for the e-textile electrode.

Table 3. Electrical characterization of embroidered and conventional EMG electrodes. Results are
given as Mean + SD.

Mean R (Q)) SNR (dB)
Embroidered Electrode 0.087 4 0.005 70.83
Conventional Electrode 649.33 + 145.14 60.63

3.2. EMG Measurements

Table 4 displays the results of SNRdB and PSD analysis of the EMG signals measured
while participant 1, 2 and 4 with custom fitted t-shirts engaged in the experimental protocol
in bare skin with conventional hydrogel electrode, Raglan sleeve t-shirt with e-textile
electrode and Set-in sleeve t-shirt with e-textile electrode conditions. Groups were tested
by one-way ANOVA and post hoc LSD as displayed in Table 5 where significant difference
among the groups is represented with “*” (p < 0.05) and results are given as Mean =+ SD.
Custom fit conditions were used in analyzing these results to achieve a clear comparison
between hydrogel and e-textile electrodes and the two set-in and raglan sleeve garment
pattern conditions. Figure 4 represents the raw EMG signal for participant 4 in different
conditions as an example.

Table 4. Analysis of EMG signals” SNRdb and maximum frequency in PSD. Results are given as
Mean =+ SD.

SNR (dB) Maximum Frequency in PSD (Hz)
Convergizzi)l;eydrogel 9184 89 5id
Emirordered Electiode 2581 2527
Embroidered Electrode 1404767 742

*p <0.05.



Sensors 2021, 21, 5621 8 of 14
Table 5. One-way ANOVA and post-hoc LSD result of SNRdAB values.
Mean R 95% 95% Upper
Difference Std. Error Significance Lower Bound Bound
. Raglan Sleeve
Conventional Electrode Embroidered Electrode —0.675 3.669 0.855 —8.17 6.82
Set-in Sleeve .
Embroidered Electrode 7.742 3.533 0.037 0.51 14.96
Raglan Sleeve Conventional
Embroidered Electrode Electrode 0.675 3.669 0.855 —6.82 8.17
Set-in Sleeve .
Embroidered Electrode 8.418 4.072 0.048 0.089 16.74
Set-in Sleeve . "
Embroidered Electrode Conventional Electrode —7.742 3.533 0.037 —14.96 —0.51
Raglan Sleeve "
Embroidered Electrode —8.418 4.072 0.048 —16.74 —0.08
*p <0.05.

., Conventional Hydrogel Electrode

T T T T T T T T T

! ! L 1 1 1 1 L Il

05 1 15 2 25 3 35 45
Raglan Sleeve 10

T T

10

1 1

05 1 15 2 25 3 35 4 45
Set-in Sleeve 10°

T T T T T T T T T

2 1 Il L 1 1 1 L L 1

10¢

Figure 4. Raw EMG signals retrieved from custom fitted Participant 4 in conventional electrode and
e-textile electrode in raglan and set-in sleeve conditions.

The EMG measurements retrieved with the raglan sleeve t-shirt showed similar
SNRdB to the conventional hydrogel electrode. On the other hand, the set-in sleeve t-
shirt with e-textile electrode had statistically significantly lower SNRdb compared to the
other two conditions. The overall results for the SNDdb measurements was consistent
with the literature [23]. When we evaluate the results from the perspective of garment fit
and pattern, an area that has not been studied in literature, raglan sleeve pattern cut has
superior signal quality compared to the set-in sleeve pattern cut in terms of EMG signal
performance. Based on these findings, it is possible to discuss that the raglan sleeve pattern
t-shirt, which does not have a seam directly on the shoulder joint, gets less affected from
the arm movement and therefore offers continuous contact between the e-textile electrode
surface and the skin. On the other hand, the seam on the shoulder joint for the set-in sleeve
t-shirt does not stretch and causes temporary loss of contact between the e-textile electrode
surface and the skin during movement.

Table 5 and Figure 5 display the PSD values which represent the dominant signal
frequency for custom fitted Participant 1, 2 and 4. The conventional electrode shows the
highest maximum frequency in PSD followed by e-textile electrodes in set-in sleeve and
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then the raglan sleeve condition. Frequency or spectral domain features are mostly used to
study fatigue of the muscle. PSD becomes a major analysis in frequency domain and is a
measure of the power that gives contribution of each frequency to the EMG signal [24,25].
In addition, Comert et al. reported that the maximum frequency (dominant frequency) of
EMG signal is a parameter related to the electrode impedance [12]. It is expected to have
the EMG signal frequency within the range of 0.1 to 500 Hz [26]. The maximum frequency
in PSD calculated for the EMG signals retrieved in different t-shirt conditions revealed
that raglan sleeve with e-textile electrodes had statistically significant lower dominant
frequency compared to EMG recorded by the conventional electrodes. This calculation
includes the first peak. However, e-textile electrodes recorded more than one dominant
frequency in the signal with higher amplitude. In addition, the conventional electrodes
almost had equally distributed frequencies in the signal, while the e-textile electrodes
represented sharp pattern which resulted in narrow frequency distribution with high
amplitude as seen in Figure 5. These results suggest that e-textile electrodes might detect
muscle fatigue more sensitively than conventional electrodes based on PSD analysis results.
Further research is needed to elucidate this finding.

351

—— Participant1 Conventionel Electrode
—— Participant1 Set-in
—— Participant1 Raglan 4
—— Participant2 Conventionel Electrode
— Participant2 Set-in
— Participant2 Raglan
= Participant4 Conventionel Electrode T
+ Participant4 Set-in
+ Participant4 Raglan

25

Power Spectral Density (V2 /Hz)

0.5

0 20 40 60 80 100 120 140 160 180 200
Frequency

Figure 5. PSD distribution of EMG signals of participants with custom fit set-in sleeve, raglan sleeve
and conventional electrode conditions.

The electrode—skin impedance spectrum as displayed in Figure 6 and Table 6 was sta-
tistically significantly higher for set-in sleeve t-shirt with e-textile electrodes in comparison
to the conventional hydrogel electrode on bare skin. There was also a statistically signifi-
cant difference between raglan and set-in sleeve t-shirts for the electrode—skin impedance.
Consistency in impedance is critical for the reliability of EMG measurements. As seen
in Figure 6, even though the conventional electrode displayed a lower electrode-skin
impedance at any frequency, e-textile electrodes in set-in and raglan sleeve conditions were
also in the range of applicable limit for bio-electrical measurements [27]. As supported
by the literature, while a low level of electrode—skin impedance is preferred, mostly the e-
textile electrodes have higher impedance values compared to Ag/AgCl electrodes [27-29].
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Figure 6. (A) The mean electrode—skin impedance spectrum and (B) the phase angle measured in different t-shirt conditions.

*p <0.05.

Table 6. One-way ANOVA and post-hoc LSD result of electrode—skin impedance values.

Dilf\;I:rael:lce Std. Error Significance Low:rslz(:)und 95;;00:-1}1}:5 “
Conventional Electrode Embf;gfr’;jlgleevftro do 121279 922.079 0.201 —3115.87 690.28
Embri?ggj‘;‘éitro qe  —413492% 922079 0.000 —6038.00 —2231.84
Embﬁ%ﬁgglgfgfm go Conventional Electrode 121279 922.079 0.201 —690.28 3115.87
Embrieig::;e]};zstrode —292213% 922.079 0.004 —4825.20 —1019.05
Embri?gg;g%ﬁ‘éitm go Conventional Electrode 413492 * 922.079 0.000 2231.84 6038.00
Embﬁgﬁjﬁxm o n12¢ 922.079 0.004 1019.05 4825.20
*p < 0.05.

In addition, the phase angle of the impedance was negative for all conditions. The
average phase angle value for the conventional electrode was higher than the e- textile
electrode conditions (Figure 7) Set-in and raglan sleeve conditions showed a more consistent
phase angle spectrum across different frequencies compared to the conventional electrode
condition. The phase angle of the conventional electrode displayed first increasing then
decreasing pattern across the different frequencies. It increased from —80° at 0.1 Hz to
20° at 100 Hz. When e-textile electrodes were compared, set-in sleeve condition showed
slightly high impedance in all frequencies while the raglan sleeve condition displayed
lower electrode—skin impedance and more stable phase angle.

In addition to analyzing the effect of different sleeve pattern cuts of set-in and raglan
sleeve on EMG signal performance, the fit of t-shirts on different body types where the fit
for each t-shirt pattern was either slightly snug or loose was studied (Figure 8). Table 7
shows the SNRdb measurements for raglan and set-in sleeve t-shirts where Participant
2 wears the custom fitted t-shirt and the other Participant 5 wears the same t-shirt that fits
slightly loosely in comparison within the same clothing size range. The results indicated
that the SNRdb value for the EMG signal is lower in the condition where the t-shirts fit
loosely on the body. It is possible to discuss that tight fit of clothing on the body which does
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not limit joint movements leads to higher quality EMG measurements for embroidered
textile-based electrodes.

Figure 7. Visual display of the fit comparison for Raglan Sleeve t-shirt between Participant 2 (custom
fit) and Participant 5 (slightly loose) who have same clothing size but different body forms.

A.

B.
.« Conventional Hydrogel Electrode s Conventional Hydrogel Electrode

WMM

1 2 4 1 2 3 4
Raglan Sleeve 10t Raglan Sleeve 10°
r . . §it=

Set-in Sleeve 1ot N Set-in Sleeve

10* 10

Figure 8. Raw EMG signals for (A) Participant 5 (slightly loose condition, clothing size S) (B) Partici-
pant 2 (custom fit condition, clothing size S) in different conditions.

Table 7. SNRdb values for raglan and set-in sleeve t-shirts for Participant 2 and Participant 5
displaying custom-fit and slightly loose condition.

Raglan Sleeve T-Shirt Set-in Sleeve T-Shirt
SNR (dB) SNR (dB)
Participant 2 (custom fit
condition, clothing size S) 22+88 16477
Participant 5 (slightly loose 173 4+ 55 51420

condition, clothing size S)

Table 8 shows the SNRdb measurements and Figure 9 shows the raw EMG signal
for raglan and set-in sleeve t-shirts where Participant 1 wears the custom fitted t-shirts
and Participant 3 wears the same t-shirt, which fit tighter in comparison. According to
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the measurements, SNRdb value of the set-in sleeve condition where it fits slightly snug
compared to the custom-fitted condition displayed higher results and therefore better EMG
signal quality. On the other hand, for the raglan sleeve t-shirt the custom fitted condition
yielded slightly higher SNRdb results in comparison to the tight-fitting condition. In this
case, it is possible to argue that if the tight fit causes limitations on the movement of the
joints or the t-shirt cannot freely move and stretch with the body due its tight fit, this can
have negative impact on the retrieved EMG signals.

Table 8. SNRdb values for raglan and set-in sleeve t-shirts for Participant 1 and Participant 3
displaying custom-fit and slightly snug condition.

Raglan Sleeve T-Shirt Set-in Sleeve T-Shirt
SNR (dB) SNR (dB)
Participant 1 (custom fit

condition, clothing size M) 262+ 24 17419

Participant 3 (slightly snug

condition, clothing size M) 22.1+34 21+17

A. ) B. )
Conventional Hydrogel Electrode ., Conventional Hydrogel Electrode
¢ RaglanSleeve h ,-10* Raglan Sleeve °

10 10*

Set in Sleeve

Set-in Sleeve

10

10° 10*

Figure 9. Raw EMG signal for (A) Participant 3 (slightly snug condition, clothing size M) (B) Partici-
pant 1 (custom fit condition, clothing size M) in different conditions.

In addition, comparing raglan and set-in sleeve t-shirts from the perspective of fit
and its effects on EMG performance, the data showed that set-in sleeve pattern t-shirt
performed better with higher SNRdb values in snug fit condition and the SNRdb value
dropped drastically in the loose condition. On the other hand, the raglan sleeve pattern t-
shirt did not display any drastic changes in EMG signal quality in loose and snug conditions
but performed best in the custom-fit condition. Based on this comparison, it is possible to
discuss that raglan-sleeve pattern could be less affected by slight fit variations within the
same size range and set-in sleeve pattern should be developed with extra negative-ease for
better performance.

4. Conclusions

This study investigated the effect clothing pattern and fit in EMG applications using
e-textile electrodes integrated onto the sleeves of custom drafted t-shirts with set-in and
raglan sleeves. The raglan sleeve pattern, widely used in athletic wear to provide extra ease
for the movement of shoulder joint, showed superior performance and therefore indicated
the pattern of a garment could have significant effect on EMG signal quality in the design
of smart clothing. The findings of the study can be specifically summarized in four points.

1. Embroidered e-textile EMG electrode performance is directly related to clothing
pattern and cut. The raglan sleeve pattern, which does not have a seam directly on the
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shoulder joint, shows significantly higher signal-to-noise ratio and gets less affected
from the arm movement.

2. The frequency distribution of the PSD analysis indicated that the e-textile elec-
trodes might detect muscle fatigue more sensitively; however, this finding requires
further research.

3. The electrode-skin impedance spectrum analysis of e-textile electrodes in raglan
sleeve condition shows a more consistent impedance spectrum across different fre-
quencies and therefore relates to considerably higher signal-to-noise ratio of the
measured EMG signal.

4. Embroidered e-textile EMG electrode performance is directly related to how clothing
fits on the body. Analysis done in comparison to custom-fit set-in and raglan sleeve
pattern conditions revealed that slightly snug or slightly loose fit conditions within
the same clothing size range results in decline in the EMG signal quality for the
raglan-sleeve pattern style. On the other hand, the set-in sleeve pattern style performs
better when the fit is more snig and the EMG signal quality significantly declines in
loose conditions.

In addition to these findings, there are some limitations of the study that can pave way
into future research. Increasing the number of participants can provide a comparison across
genders. In this study, even though the data does not show any tendency to be different
across genders according to the SNRdb data, it was not possible to draw a generalizable
conclusion. In addition, investigation of fabric displacement during movement as well
as applied pressure by clothing across different pattern and fit conditions can provide a
more in-depth understanding on the role of clothing pattern and cut in smart clothing
development for EMG applications.

This pioneering preliminary study proves the direct relationship between e-textile
electrode performance and clothing pattern and cut and therefore the clothing fit. E-textile
EMG electrodes have superior signal quality when t-shirt patterns and sizing are carefully
designed, consider the movements of the body and alignment of the seamlines, as well as
the elasticity and recovery of the fabric to create the optimum fit in dynamic conditions.

Author Contributions: Conceptualization: G.G.-B.; Methods: B.G.T. and G.G.-B.; Prototyping:
G.G.-B.; Analysis: B.G.T.; Writing—Review & Editing: G.G.-B. and B.G.T. All authors have read and
agreed to the published version of the manuscript.

Funding: This research is funded by The Scientific and Technological Research Council of Turkey
(TUBITAK) under grant number 117M275.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board of Istanbul Technical
university (TMB1-2016 and 29 February 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: We would like to thank Nese Topcuoglu, Umit Ozorhan and Sedat Ucar for their
assistance during the early stages of this project.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Guo, L,; Sandsjo, L.; Ortiz-Catalan, M.; Skrifvars, M. Systematic review of textile-based electrodes for long-term and continuous
surface electromyography recording. Text. Res. J. 2020, 90, 227-244. [CrossRef]

2. Catrysse, M,; Puers, R.; Hertleer, C.; van Langenhove, L.; van Egmond, H.; Matthys, D. Towards the integration of textile sensors
in a wireless monitoring suit. Sens. Actuators A Phys. 2004, 114, 302-311. [CrossRef]

3.  Paradiso, R.; Loriga, G.; Taccini, N. A wearable health care system based on knitted integrated sensors. IEEE Trans. Inf. Technol.
Biomed. 2005, 9, 337-344. [CrossRef] [PubMed]

4. An, X, Tangsirinaruenart, O.; Stylios, G.K. Investigating the performance of dry textile electrodes for wearable end-uses. J. Text.
Inst. 2019, 110, 151-158. [CrossRef]


http://doi.org/10.1177/0040517519858768
http://doi.org/10.1016/j.sna.2003.10.071
http://doi.org/10.1109/TITB.2005.854512
http://www.ncbi.nlm.nih.gov/pubmed/16167687
http://doi.org/10.1080/00405000.2018.1508799

Sensors 2021, 21, 5621 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Oliveira, C.C.; da Silva, ].M.; Trindade, I.G.; Martins, F. Characterization of the electrode-skin impedance of textile electrodes.
In Proceedings of the Conference on Design of Circuits and Integrated Circuits (DCIS), Madrid, Spain, 2628 November 2014;
pp- 1-6.

Catarino, A.; Carvalho, H.; Barros, L.; Dias, M.]. Surface Electromyography Using Textile-Based Electrodes. In Proceedings of the
Fiber Society 2012 Fall Meeting and Technical Conference, Boston, MA, USA, 7-9 November 2012.

Martin, T.; Jones, M.T.; Edmison, J.N.; Shenoy, R. Towards a design framework for wearable electronic textiles. ISWC 2003, 3,
190-200.

Finni, T.; Hu, M.; Kettunen, P.; Vilavuo, T.; Cheng, S. Measurement of EMG activity with textile electrodes embedded into clothing.
Physiol. Meas. 2007, 28, 1405. [CrossRef] [PubMed]

Joachim, T.; Adriaensen, T.; van der Horst, C.; Linz, T.; Spaepen, A. Textile integrated contactless EMG sensing for stress analysis.
In Proceedings of the 2007 29th annual international conference of the IEEE Engineering in Medicine and Biology Society, Lyon,
France, 22-26 August 2007; pp. 3966-3969.

Kim, S; Lee, S.; Jeong, W. Emg measurement with textile-based electrodes in different electrode sizes and clothing pressures for
smart clothing design optimization. Polymers 2020, 12, 2406. [CrossRef] [PubMed]

Liu, L.; Zhu, X,; Xia, Q. An Integrated Design of Multi-Channel ECG Sensor on Smart Garment. In Proceedings of the 2020 10th
International Conference on Biomedical Engineering and Technology, Tokyo, Japan, 15-18 September 2020; pp. 316-320.
Comert, A.; Honkala, M.; Hyttinen, J. Effect of pressure and padding on motion artifact of textile electrodes. Biomed. Eng. Online
2013, 12, 1-18. [CrossRef] [PubMed]

Cho, G,; Jeong, K.; Paik, M.].; Kwun, Y.; Sung, M. Performance evaluation of textile-based electrodes and motion sensors for
smart clothing. IEEE Sens. J. 2011, 11, 3183-3193. [CrossRef]

Kanakaraj, P.; Ramachandran, R. Selective utility characteristics of knitted fabrics for sports application. J. Text. Appar. Technol.
Manag. 2015, 9, 1-11.

Troynikov, O.; Wardiningsih, W. Moisture management properties of wool/polyester and wool/bamboo knitted fabrics for the
sportswear base layer. Text. Res. J. 2011, 81, 621-631. [CrossRef]

Varshney, R K.; Kothari, VK.; Dhamija, S. A study on thermophysiological comfort properties of fabrics in relation to constituent
fibre fineness and cross-sectional shapes. J. Text. Inst. 2010, 101, 495-505. [CrossRef]

Berk, G.G. Design of a wearable pain management system with embroidered TENS electrodes. Int. J. Cloth. Sci. Technol. 2018, 30,
38-48. [CrossRef]

Ashdown, S.P. An investigation of the structure of sizing systems: A comparison of three multidimensional optimized sizing
systems generated from anthropometric data with the ASTM standard D5585-94. Int. ]. Cloth. Sci. Technol. 1998, 10, 324-341.
[CrossRef]

Stamper, A.A.; Sharp, S.H.; Donnell, L.B. Evaluating Apparel Quality; Fairchild Fashion Group: New York, NY, USA, 1991.

Pisut, G.; Connell, L.J. Fit preferences of female consumers in the USA. . Fash. Mark. Manag. Int. ]. 2007, 11, 366-379. [CrossRef]
Keiser, S.; Garner, M.B.; Vandermar, D. Beyond Design: The Synergy of Apparel product Development; Bloomsbury Publishing:
New York, NY, USA, 2017.

Marquez, J.C. On the Feasibility of Using Textile Electrodes for Electrical Bioimpedance Measurements. Ph.D. Thesis, Skolan for
teknik och hélsa, Kungliga Tekniska hogskolan, Stockholm, Sweden, 2011.

Ankhili, A.; Tao, X.; Cochrane, C.; Koncar, V.; Coulon, D.; Tarlet, ]. Ambulatory evaluation of ECG signals obtained using
washable textile-based electrodes made with chemically modified PEDOT: PSS. Sensors 2019, 19, 416. [CrossRef] [PubMed]
Oskoei, M.A.; Hu, H.; Gan, ].Q. Manifestation of fatigue in myoelectric signals of dynamic contractions produced during playing
PC games. In Proceedings of the 2008 30th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society, Vancouver, BC, Canada, 20-24 August 2008; pp. 315-318.

Phinyomark, A.; Phukpattaranont, P.; Limsakul, C. Feature reduction and selection for EMG signal classification. Expert Syst.
Appl. 2012, 39, 7420-7431. [CrossRef]

Phinyomark, A.; Thongpanja, S.; Hu, H.; Phukpattaranont, P; Limsakul, C. The usefulness of mean and median frequencies in
electromyography analysis. In Computational Intelligence in Electromyography Analysis—A Perspective on Current Applications and
Future Challenges; InTech: Rijeka, Croatia, 2012; pp. 195-220.

Ankhili, A; Tao, X.; Cochrane, C.; Coulon, D.; Koncar, V. Study on the measurement method of skin textile electrodes contact
impedance. J. Fash. Technol. Text. Eng. 2018, 5, 4. [CrossRef]

Rattfdlt, L.; Bjorefors, E; Nilsson, D.; Wang, X.; Norberg, P.; Ask, P. Properties of screen printed electrocardiography smartware
electrodes investigated in an electro-chemical cell. Biomed. Eng. Online 2013, 12, 64. [CrossRef] [PubMed]

Xiong, E; Chen, D.; Chen, Z,; Jin, C.; Dai, S. Impedance characteristics of the skin-electrode interface of dry textile electrodes for
wearable electrocardiogram. In Advances in Body Area Networks I; Springer: Cham, Switzerland, 2019; pp. 343-356.


http://doi.org/10.1088/0967-3334/28/11/007
http://www.ncbi.nlm.nih.gov/pubmed/17978424
http://doi.org/10.3390/polym12102406
http://www.ncbi.nlm.nih.gov/pubmed/33086662
http://doi.org/10.1186/1475-925X-12-26
http://www.ncbi.nlm.nih.gov/pubmed/23565970
http://doi.org/10.1109/JSEN.2011.2167508
http://doi.org/10.1177/0040517510392461
http://doi.org/10.1080/00405000802542184
http://doi.org/10.1108/IJCST-04-2017-0047
http://doi.org/10.1108/09556229810239324
http://doi.org/10.1108/13612020710763119
http://doi.org/10.3390/s19020416
http://www.ncbi.nlm.nih.gov/pubmed/30669584
http://doi.org/10.1016/j.eswa.2012.01.102
http://doi.org/10.4172/2329-9568.S5-004
http://doi.org/10.1186/1475-925X-12-64
http://www.ncbi.nlm.nih.gov/pubmed/23827015

	Introduction 
	Materials and Methods 
	Materials 
	Material Characterization 
	Prototype Development 
	Experimental Protocol 
	Data Analysis 

	Results and Discussion 
	Material Characterization 
	EMG Measurements 

	Conclusions 
	References

