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Abstract: The conductive threads are very crucial and essential parts of smart textiles.
However, there is still a lack of information in general about the operating parameters
of embroidery with conductive threads and their influences on communication among electronic
components in the e-textiles product. In this article, silver-coated conductive threads have been
usage in the fabrication of 4 embroidered designs with two different stitch types (Tatami,
Running) and two lengths for each stitch (4 mm, 6 mm). The electrical characteristics were
measured and determined in the frequency domain from 100 kHz to 120 MHz. The impedance
and resistivity of threads are determined also using the AC voltages at three different
frequencies 100 kHz, 1 MHz and 10 MHz. The applied voltages were 0.0 -1.0 volts through
thirty (30) steps. The most important results are summarized in the polarization of silver, which
is contributing to the measured impedance values so that all stitch types with different lengths
have the same behavior and trend. The designs of shapes by embroidered stitches are acting
as perfect resistor at low frequencies while they are acting as perfect inductor at high
frequencies. The 6 mm stitches length in all stitch types provides low resistance rather than
4 mm stitches against the common prediction. Therefore, these designs of embroidered shapes

by certain stitches could be a good potential for antenna applications.
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1 INTRODUCTION

Textiles have been developed significantly in recent
years than they were in the past, and it has
atendency to take advantage of advanced digital
technologies. Therefore, the possible incorporation
of electronics has rendered garments a new type
of high-tech  product [1]. The incorporation
of technology into textile during production of smart
garments is extremely important as this process
involves the integration of two important
components, namely textile and electronic units.
The incorporation method depends on a desired
function as each of many functions has unique
requirements that must be met during
the incorporation process. Accordingly, smart textile
is a broad interdisciplinary field of research that
combines design with textile techniques, electrical
engineering, and information and communication
technology in order to develop new products that
meet specific aesthetic, functional and technical
requirements [2] in an integrated manner.
The incorporation of electronics into textiles has
already opened the way for the production
of garments with special capabilities which are used
in the fields of defense, sports, medicine and health
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monitoring [3]. Such an innovation has become
supportive of the functions that users aspire to, thus
providing greater efficiency to perform the required
tasks.

Currently, there are several distinct methods
ensuring an effective functional link between textiles
and electronics by incorporating conductive threads
into fabrics, dyes, painting and embroidery. These
methods and their end-use specific functions offer
solutions to effectively use the materials with
manufacture technology. The function of a textile is
determined by the method used for the linking
process [4]. This research deals with the technique
of embroidery; a traditional method of incorporating
threads into fabric, originally used for adding
an aesthetic aspect [5] on all kinds of fabrics, given
the high potential of embroidery, its rapid adaptation
to new designs, and ability to continuously develop
[6]. In addition, embroidery is applied on fabrics
atthe final manufacturing stage, and this can be
an advantage because it makes initial manufacturing
processes much easier [7, 8] and means
for the mass production of electronic textiles [5, 9].
Thus, the ability of embroidery to incorporate
electronics into traditional fabrics represents
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an opportunity to create new and versatile functions.
This is applicable as the integration of multiple
sensors and signal processing units to obtain
interactive wearable textile systems, enabling
the collection of large amounts of information, while
providing greater security to the user [10].

Digital embroidery designs also allow the integration
of electronic components [wires, switches, sensors
or other electronics) into the surface of fabric, and
through the use of conductive threads along with or
without traditional threads to achieve the electrical
conductivity advantage on textiles [11]. Thus,
embroidery techniques using conductive threads
on substrate fabrics have become a very attractive
approach for fabricating textile-based circuits
for smart wearables because of their circuit design
freedom and ease of manufacture compared
to other processes such as weaving, knitting
and printing [8]. Automated embroidery has been
one of the most widely used fabrication techniques
in the field of smart textiles that contributes
to the development of flexible and wearable
electronics and is therefore referred to most often
as electronic embroidery [2].

Electronic embroidery is one of the manufacturing
techniques used in the field of smart textiles. In their
pioneering work [12] Maggie Orth is responsible for
the term e-embroidery, which describes the digital
stitching of electro-conductive threads into textiles
[13]. She used embroidery to create conductive
electrodes for capacitive sensing, inspiring other
works and thereby casting the seed for
the prospective field of smart textiles [5]. Therefore,
embroidered electronic systems are being
increasingly researched, leading many researchers
to examine the potentials and functional solutions
offered by electronic embroidery, including
physiological monitoring, due to the potential
to place the base material in all directions instead
of tailored fiber placement (TFP), including through
availing direct contact between electrical sensors
and the skin [14, 15], measuring temperature and
the ECG signal, use of Electrocardiography (EKG)
shirt with embroidered electrodes for measuring
an electrocardiogram [16]; use of sensor for
measuring an electromyogram [17].

Other researchers examined some medical cases,
including the embroidered electrodes and their use
in wearable surface electromyography (sEMG) [18].
Meanwhile, Linz et al. presented the first successful
measurements with sensors. To obtain maximum
unobtrusiveness with sensors for monitoring health
parameters on the human body, they combined two
technical solutions. First, contactless sensors for
capacitive electromyography measurements were
proposed. Secondly, the sensors were integrated
into textile, so complete fusion with a wearable
garment is enabled [19]. Roh et al. introduced
the all-fabric intelligent temperature regulation
system for smart clothing applications [20].
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The techniques used in electronic embroidery
to date can be identified in single-thread embroidery
(ring stitches) which have been used mostly in body
signal measurements. Two-thread embroidery
(standard embroidery) which is a very versatile
method for creating new technical materials that rely
on precision and are repeatable. Intricate patterns
can be achieved, such as circuit board stitching,
pinch gesture recognition, strain and deformation
sensors (resistive or capacitive sensors), moisture
sensors (either capacitive or short- circuit based) [6,
9]. However, tailored fiber placement (TFP) places
high tenacity fibers on a basic fabric to create
preforms. TFP allows the exact placement of fiber
and fiber - like materials onto a textile substrate.
Electrically conductive yarns offer a variety
of braiding possibilities [2, 9]. Each technique
is used separately and the techniques can be
combined according to the functional purpose.

In the field of communication and data transmission
technology, automated embroidery using conductive
threaded is considered a promising technique
as antennas can be incorporated into garments [21-
24]. With the continued increase in demand for
smart wearable fabric systems, many studies have
dealt with modeling embroidered contacts for
electronics in textiles [25] as well as with employing
embroidery inductors to increase the success
of a textile-based circuit [26] and employing
embroidery in a simple and easy manufacturing
technique aimed at creating robust, reliable,
pressure-sensitive sensors for concrete and
wearable interfaces. The textile-based sensor
technology is also an important component of textile
industry, as it provides potential for incorporation
into woven fabrics [27]. Other studies have
examined the use of embroidered textile-based
pressure sensors [5, 28-32]. The joining
of conductive threads through embroidery was
not limited to previous functions, but it included also
the creation of an electronic chip board using
conductive threads, incorporating framed-electronic
components into fabric [33] and interaction-centered
applications, such as pinch gesture recognition
ontextiles [34]. In general, there is lack
of information about the operating parameters
of embroidery with conductive threads and their
influences on communication among electronic
components in the e-textiles product. Some of these
parameters are length of stiches, type of the stiches,
type of conductive materials and conductive threads,
electrical properties of those conductive threads and
the communication of signals flow in the possible
contacts of the conductive thread. In this article,
a comparison study between two types of stitches
made within different length and different conductive
thread with a same conductive material as silver was
made. The conductive thread and threads are very
crucial and essential parts of the smart textiles.
The variations in the application of silver-coated



synthetic (polyamide, polyester and nylon) threads
beside natural (cotton, silk and wool) threads
in embroidery are very wide the electrical properties
and characteristics must be well studied and known
for each specific and proper application.

2 MATERIALS AND METHODS

The appropriate commercial conductive threads
Amman silver tech-50 and Madeira HC12 have been
selected for embroidery, also obtaining standard
100BY OEKO-TEX. We have been provided with
standard threads by the company.

Table 1 Standard threads

Threads type A B
(silver tech-50)|(HC12)
Threads size Tex no 62 62
[count] [35] Linear density [dtex] 210*3 616*2
Threads diameter| Optical diameter [mm] 0.36 0.39
[35]
Tensile properties| Breaking force [cN] 1930 2950
of threads [36] |Elongation at break [%] 20 22

The conductive threads A and B have been
employed in fabrication of 4 embroidered designs
with two different stitches types (Tatami, Running)
and two lengths for each stitch type (4 mm, 6 mm).
The basic textile of military camouflage was used
for the Kingdom of Saudi Arabia and two layers
of supportive textile were used for embroidery
of Vaseline to reinforce the fabric on the back
to prevent damage and tear in delicate materials and
as a backing and reinforcing layer for embroidery.
Based on the previous variables, the following
design was proposed to implement embroidery
samples in a way that suits the possibility of taking
electrical measurements, as it requires preparing
the design with a length of 1 meter and a spacing
of3 mm for the Running stitch and as for

the samples of stitches (Tatami stitch) area
of 5x5 cm and at an angle of 90°.
Embroidery samples were performed using

an ELUCKY embroidery machine with an 11/75
needle to fit the thickness of the fabric.
The morphological structure and texture
of the conductive fibers spun to the thread were
studied and measured in terms of dimensions and
components the scanning electron microscope SEM,
Quanta FEG 250, FEI and equipped with energy

Table 1 Standard of the fabrics used

dispersion of X-ray spectroscopy technique EDX,
Dutch company Quanta with field emission with
an electric voltage of 5 kV to 30 kV. The Polarizing
optical microscopy POM using Leica DM750P (Leica
Microsystems, Switzerland) equipped with reflection
Kit was used to investigate the texture of thread and
their coating layer. The electrical properties
of the conductive threads were measured and
determined by the electrical characteristics using AC
High Tester 3535 (Hioki, Japan) in frequency
domain from 100 KHz to 120 MHz for high range
of frequencies. While the lower range was measured
by Ando AG-4311B LCR meter.

il

Figure 1 Design of embroidery samples

Tatami
Stitch
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3 RESULTS AND DISCUSSION

3.1 Thickness of threads

There are discrepancies in the thickness for the two
types of the conductive threads, where are
determined from scanning electron microscope
as well as polarizing optical microscope as stated
in morphology sections. The thicknesses are shown
in Table 2, because the thickness of those
conductive threads is a vital parameter
in the electrical properties determination.

Table 2 Thickness of threads by both SEM and POM
techniques

Threads Diameter [mm] Radius [mm]
A 0.35+0.05 0.175+0.025
B 0.50+0.05 0.250+0.025

The following laboratory tests were conducted
at the Saudi Standards, Metrology and Quality
Organization (SASO) and to determine
the specifications of the fabrics used and were
as in Table 3.

Fiber W identificati Fabric Thread per unit Fabric tensile Mass
Textile composition (::r‘::tlru?:rt]ic;r:():?:’:g]n thickness [mm] length [40] strength [N] [41] per unit area
[37] [39] warp | weft warp weft [g/m’] [42]
Basic textile | POlyesters and plain weave 1/1 0.3 32/cm | 32/cm | 1032.8 | 822.2 201
viscose
Suppo_rtlve polyesters non-woven 0.19 70.9* 63.4* 50
textile
*marked testing included in accreditation scope in SASO
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3.2 Metal composition of the embroidery
threads

The conductive filaments were imaged with

ascanning electron  microscope technology

at different levels of magnification up to 6000x.
The fibers spun to the thread were studied and
measured in terms of dimensions and components
of it by X-ray energy dispersion spectroscopy
technique attached to the scanning electron
microscope made by the Dutch company Quanta
with field emission with an electric voltage from 5 to
30 kV.

The Figure 3 shows an imaging of thread using
a polarized optical microscope.

The X-ray

energy

dispersive

of the threads is given in Figure 4.

Through the above, the basic components that make
up the threads can be summarized in the Table 4.

Table 2 the basic components for the threads

spectroscopy

Conductive Element [%)]
thread C (o) Ag
A 50.22 33.08 16.69
B 29.10 17.58 53.31

Figure 2 Conductive filament imaging of A thread (a, b) and for B thread (c, d) at different magnifications (a - 400x;

b, d - 1500x and c - 200x)

200 pm
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Figure 3 The longitudinal section of the conductive A thread using a polarizing optical microscope with magnification
200x (a), the A thread cross-section (b); the longitudinal section of the conductive B thread (c) with magnification 200x
and the B thread cross-section (d)
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Figure 4 The X-ray energy dispersive spectroscopy of the threads
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3.3 Electrical proprieties

There were having different DEN and other textile
parameters as stated in their datasheet.
The electrical characteristics were measured and
determined using AC High Tester 3535 (Hioki,
Japan) in frequency domain from 100 KHz to
120 MHz. This range was carefully selected for
futuristic studies on antenna performance and
efficiencies of those threads. Moreover, the efficacy
of the embroidered conductive thread will be
examined  within  different shapes, length,
and designs. The impedance and resistivity
of threads are determined also using the AC
voltages at three different frequency 100 KHz,
1 MHz and 10 MHz.

The applied voltages are from 0.0-1.0 V through
thirty (30) steps. The voltage should be small
because the thread performance will be dealing with
small voltages and signals from embedded
electronics, sensors, and surrounding stimuli. Thus,
the electrical test ought to consider these variations
in the measurements of any electrical properties
or parameters. These voltages were applied at 3
different frequencies: 100 KHz, 1.0 MHz and
10 MHz.

Electrical resistivity p [Q.m] is known as specific
electrical resistance or volume resistivity, which is
an intrinsic property of matter. Electrical resistivity
determines how strongly conductive thread resists or
conducts electric current. Thus, low material
resistivity means high conducting materials that
allow electric current [42].

The A thread resistivity is a little bit lower than
former conductive threads. Where, it was stable
at1.63 Q.cm and 1.78 Q.cm with 0.1 and 1.0 MHz
respectively. Within 230% increase of resistivity,
the A thread became 3.77 Q-cm at 10 MHz for all
applied voltages (see Fig.5-a).

In Fig.5-b), the resistivity of B conductive thread is
stable at 2.27 Q-cm and 2.22 Q.-cm with different
voltages at 0.1 and 1.0 MHz respectively. While
at 10 MHz the resistivity increased to 4.39 Q.cm,
but it was steady with all applied voltages.

Conductance G [S]

The reciprocal quantity of electrical resistance which
is a measure opposition to the electric current flow
for an object is the electrical conductance. Thus,
electrical conductance is a measure for an electric
current to pass through an object easily. According
to Ohm’s law, both current / and potential V are
proportional to each other, the constant of this
proportionality is resistance R or conductance G
[43].

(1)

Fibres and Textiles 28(3), 2021

ALAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Thread Resistivity p (€2.cm)

. T T T T . .
0.0 0.2 0.4 0.6 0.8 1.0
Voltage V (Volt)

A thread

9 —=— 0.1 MHZ|
] —e— 1 MHz
A 10 MHz

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAL

Thread Resistivity p (Q.cm)

2RSSR RARAAARARERRARRARR

0 —
0.0 02 04 0.6 0.8 1.0

Voltage V (Volt)
B thread
Figure 5 The electrical resistivity of threads measured

with different voltages in range of 0.0-1.0 V at three
different frequencies 100 KHz, 1.0 MHz and 10 MHz
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Figure 6 Log-Log scale graph of the thread electrical

conductance G for all conductive threads against
the frequencies



In Figure 6, the electrical conductance G is
the highest for both A and B thread around 4 S.
Several factors could affect electrical conductance
such as the quality of coating, the thickness
of conductive threads, length of threads and
the composition of threads (as stated in morphology
sections) [44-46]. It was worthy to be noted
the conductance stability against frequencies is
variant from each thread to another. A and B threads
show the lowest stability until a few MHz, but having
the highest electrical conductance values.

3.4 Electrical properties of embroidered textile

The embroidered textile consists of three layers for
summer seasons using light material that designed
to the militarily use. The embroidery has been
performed using two extra supported textiles for
embroidery. The electrical characteristics also have
been determined for the textile without any
embroidered stitches or conductive threads.
In Figure 7, the impedance |Z] is typical of insulator
material in range 15.5 MQ at 150 Hz and decreased
exponentially to 23.5 KQ at 100 KHz. Then at high
frequencies, the |Z| is reach to 177 Q at 120 MHz.
The phase angle is stable against all frequencies
upto 100 MHz at -89 which is the characteristic
of good small resistor accompanied with a capacitor.
The reason for that is the textile in between parallel
two electrodes acting as typical dielectric material.
The real part of Z* as the resistance Rs is decrease
exponentially also as |Z| but starting from lower
value at 1.15 MQ at 150 Hz and continue in
the decrease to 49 Q at 120 MHz. the reactance X
as imaginary part of Z* is increased from -15.2 MQ
at 100 Hz and then increased to -170 Q at 120 MHz
in exponential way.

Impedance |Z] (Q2)
Phase Angle 0 (°)
Resistance Rs (Q)
Reactance X (Q)

4 > o

v
-10.0M ] y
g A 4

Impedance Characteristics (Q2)
N
(=]
<
1

-16.0M 5 b4

10 100 1000 10000 1000001000000 1E7  1E8  1E9
Frequency f(Hz)
Figure 7 The semi-log scale plot of the impedance |Z]

characteristics against the frequencies applied for
embroidery on the blank textile without stitches

The Nyquist plot (or Nyquist Diagram) is a frequency

response plot used in control engineering and signal
processing. Nyquist plots are commonly used
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to assess the stability of a system with feedback.
In Cartesian coordinates, the real part of the transfer
function is plotted on the X axis, and the imaginary
part is plotted on the Y axis. The frequency is swept
as a parameter, resulting in a plot based
on frequency. The Nyquist plot here is typical
for insulator component as shown in Figure 8, which
the Nyquist plot of blank textile declare the stability
of the textile against the frequency which decrease
from 1.2 MQ to the lowest value 177 Q of impedance
at highest frequency 120 MHz.
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Figure 8 The Nyquist plot based on broad range
of the frequencies for different embroidered stitches for
E-clothes using Silver tech 50 conductive threads.
The experimental real and imaginary values
of the impedance of the conductive embroidered stitches
in two different lengths
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Figure 9 The conductance G and susceptance B against
of the frequencies for E-clothes blank textile without any
embroidered stitches. The experimental real G and
imaginary B values of the admittance are co-presented

In Figure 9, the real and imaginary part
of admittance |Y| values G and susceptance B are
plotted against the applied frequencies from 100 Hz



to 120 MHz. The current flow is not conducted
in blank textile materials. The conductance G is very
small which starts at 0.85 yS at 150 Hz and increase
exponentially with increasing frequencies up to
0.065 S at 1 MHz then go into plateau for one
decade of MHz from 0.8 MHz to 20 MHz. while
the susceptance B is much smaller than
conductance G. The susceptance B is increased
from 62.5 mS at 150 Hz up to 0.014 S at 100 MHz
as is shown in Figure 9.

3.5 Embroidery proprieties

The conductive threads A and B have been
employed in fabrication of 4 embroidered designs
with two different stitches types (Tatami, Running)
and two length for each stitch (4 mm, 6 mm),
(Table 5).

3.6 Alternative current AC measurements

The conductive thread A and B threads have been
employed in fabrication of 4 embroidered designs
with two different stitch types (Tatami, Running)
and two length for each stitch (4 mm, 6 mm).
The impedance against frequencies from 100 Hz-
120 MHz is plotted in Log-Log scale that measured
for two types of stitches with two different stitch
lengths for each stitch type (4 mm and 6 mm).

It is clearly seen from Figure 10a) that for A
conductive thread, the impedance of Tatami stitches
within length 6 mm has the lowest value at 0.6 Q
and stable from 100 Hz to 0.1 MHz but within 4 mm

length to be 1.3 Q in average for the same
frequencies.

In the B conductive thread, the impedance of Tatami
stitches within length 6 mm has the lowest value
rather than the same type of stitch but within 4mm
in low frequencies from 100 Hz to 1 MHz.

However, the impedance of Running stitch
in a conductive thread one for its both length 4 mm
and 6 mm are nearly the same and in a gradual
increase from 1.6 Q to 2.98 Q. All impedance values
are located between 0.6 Q up to 4.3 Q. Once,
the impedance is crossing the frequency of 1 MHz,
the polarization of silver is contributing again
to the measurement, so that all stitches types with
different length have the same behavior and trend,
also the impedance becomes too high up to 120 Q
at high frequencies 100 MHz as it is shown
in Figure 10b).

The same trend is observed also in the Running
type stitches in B conductive thread of 6 mm stitch
length against 4 mm stitch length also at low
frequency. The Running stitch type of stitches has
lower impedance than Tatami ones but is higher
than Tatami stitches. All impedance values
are located between 0.3 Q up to 6.18 Q. Once,
the impedance is crossing the frequency of 10 MHz,
the  polarization of silver is  contributing
to the measurement so that all stitches types with
different lengths have the same behavior and trend
as is shown in Figure 10b).

Table 5 Embroidery stitches performance of the different on conductive threads

Type of stitches Running stitch

Tatami stitch

Leng_jth of stitch

A thread

B thread

Fibres and Textiles 28(3), 2021
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Figure 10 The absolute value of impedance |Z| against the frequencies of different embroidered stitches for E-clothes

In A conductive thread, the phase angle is increased
exponentially from very low values near to zero until
1 MHz, then the angle continues increasing into
the plateau that started from 1-10 MHz with values
near 90°. The same trend as in another B
conductive thread is observed in the A conductive
thread. However, the design's shapes by
embroidered stitches are acting as a perfect resistor
at low frequencies while they are acting as a perfect
inductor. In A conductive thread Satin stitches within
6 mm length are showing the lowest phase angle.
On contrary, the Tatami 6 mm stitches length is
the highest phase angle at low frequencies. Phase
angles in between Tatami 6 mm, other stitch types
have typical trends also which Tatami 4 mm
override, as well as both Running stitches of 4 mm
and 6 mm, are override on each other. All stitch
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types override on each other at high frequencies
10-100 MHz.

The impedance phase angle for any component
(inour case the embroidered stitches designs)
is defined as the phase shift between the voltage
across that component and current through that
component. For a perfect resistor, the voltage drop
and current are always in phase with each other,
and so the impedance angle of a resistor is said
to be 0°. For a perfect inductor, voltage drop always
leads current by 90°, and so an inductor's
impedance phase angle is said to be +90°. For
a perfect capacitor, voltage drop always lags current
by 90°, and so a capacitor's impedance phase angle
is said to be -90°. Therefore, the impedances in AC
behave analogously to resistances in DC circuits:
they add in series, and they diminish in parallel.
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Figure 11 The absolute value of impedance phase angle against the frequencies of different embroidered stitches

for E-clothes
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In  Figure11 the phase angle is increased
exponentially from very low values near to zero until
100 KHz, then the angle continues increasing
to the plateau that started at 1-10 MHz with values
near 90°.

R =|Z|cos B (2)

X =|Z|sin@ (3)
This means the design's shapes by embroidered
stitches are acting as a perfect resistor at low
frequencies while they are acting as a perfect
inductor. Running stitches (B) within 4 mm length
are showing the lowest phase angle. On contrary,
in the B conductive thread the Tatami 6 mm stitches
length is the highest phase angle at low frequencies
but the same with Tatami in B thread 4 mm at high
frequencies.

The same trend of 6 mm in B thread is observed,
which is higher than 4 mm in B thread in all stitches.
Thus, the 4 mm in B thread length is favorable
for low phase shift designed embroidered stitches
electronic component.

In Figure 12, the real value of resistance Rs
is shown against the wide range of frequencies from
100 Hz up to 120 MHz. The Rs is real part
of the impedance complex Z* as the following:
Zr=7'"+j7" =|Z|e® =R +jX 4)
where: Z' is the real part of the complex impedance, which
is represented by resistance value R. Similarly,
the imaginary part Z" is the amount of dissipated energy
of the current signal in the circuit component. This term
is always represented with j = v—1 imaginary symbol [47].
This imaginary part is valued by reactance X.
In Figure 12, the real value of resistance Rs
is shown against the wide range of frequencies from
100 Hz up to 120 MHz.
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The Rs of 6 mm Tatami stitches in A conductive
thread with length 6 mm is the lowest resistance and
it is a half value ofthe4 mm Tatami stitches.
The 6 mm Tatami stitches in A conductive thread
is similar to B conductive threads as well.

Also, the resistance of Tatami stitches in B
conductive threads with length 6 mm is the lowest
resistance and it is in the few-tenth other Tatami
stitches with length 4 mm. The 6 mm stitches length
in all stitches types provides low resistance rather
than 4 mm stitches against the common prediction.
This could be explained as the stress and strain due
to the automatic machines of embroidery are less
in 6mm if compared to these stresses accompanied
with 4 mm stitches length.

The reactance X is the imaginary part
of the impedance. It is the opposition of a circuit
component to the current flow due to the inductance
or capacitance of that component. Higher reactance
leads to smaller currents at the same voltage
applied. Although, reactance X is similar to electric
resistance in this respect even if is measuring unit is
“ohm” it also but differs in that reactance does not
lead to dissipation of electrical energy as heat.
Instead, energy is stored in the reactance and later
returned to the circuit whereas a resistance
continuously loses energy. Therefore, these designs
of embroidered shapes by certain stitches could be
a good potential for antenna applications.
The reactance X is below 1 Q until 1 MHz, while
there is a continuous increase after 1 MHz to 100 Q
till 120 MHz, approximately as well as B conductive
thread embroidery. The X is a typical trend without
any significant differences in all types of stitches with
their different stitch lengths (Figure 13).
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Figure 12 The real value of resistance Rs against the frequencies of different embroidered stitches for E-clothes
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Figure 13 The reactance X of the designed embroidered shapes by A conductive thread plotted in log-log scale against

applied frequencies

However, a much close up to the reactance X,
one can find that the Tatami 6 mm in A conductive
thread is the lowest reactance but Tatami 4 mm
is the highest reactance X. Both lengths of running
stitches have the same values in A conductive
thread, also, the reactance X of Running stitches
6 mm and 4 mm. One can find that the Tatami 6 mm
in B conductive thread is the lowest reactance.
Also, the reactance X of Running stitches of 4 mm
is lower than the 6 mm.

The Nyquist plot (or Nyquist Diagram) is a frequency
response plot used in control engineering and signal
processing. Nyquist plots are commonly used
to assess the stability of a system with feedback
[48, 49]. In Cartesian coordinates, the real part
of the transfer function is plotted on the X-axis, and
the imaginary part is plotted on the Y-axis.
The frequency is swept as a parameter, resulting
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in a plot based on frequency. The Nyquist plot here
is typical for conductive component for all stitches
types in both stitches lengths 4 mm and 6 mm.
In Figure 14a), the Nyquist plot of A conductive
thread is presented. The Tatami stitches length
of 6 mm is showing the lowest value of impedance
0.5-0.65 Q.

In B conductive thread, the Nyquist plot of Tatami
stitches length of 6 mm is showing the lowest value
of impedance overall the frequencies against
the Running stitches 4 mm length in B conductive
thread which shows the highest impedance and
resistance (Figure 14b). Also, in Figure 14b),
the Running stitches of A conductive thread of 4 mm
and 6 mm lengths have high values of impedance
from 3.5-4.0 Q but very small reactance near zero
across all low frequencies up to a few MHz.

10
94 = Runn stitch 6mm A
1 |—= Runn stitch 4mm A .
8] *— Runn stitch 6mm B
7 J [=——Runnslitch 4mm B
1 .
6
5 54 t
= 4 |
N, ] '
3] 7
1 .
2 )
{
14 $
0 T T o l'j""lm =1 = T T
0 1 2 3 4 5 6 7 8 9 10
Z(©)
b)

Figure 14 The Nyquist plot based on broad range of the frequencies for different embroidered stitches for E-clothes.
The experimental real and imaginary values of the impedance of the conductive embroidered stitches in two different

lengths are presented
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On the other hand, the admittance Y =1/Z is
reciprocal of the impedance Z, which is a measure
of how easily a circuit or device will allow a current
to flow. Likewise, the admittance Y is not only
a measure of the ease with which a steady current
can flow, but also the dynamic effects
of the material's susceptance B to polarization.
These dynamic effects of the material's susceptance
are relating to the universal dielectric response,
the power law scaling of a system's admittance with
frequency under alternating current AC conditions.
The complex admittance Y* is consisted
of the conductance G as a real part while
the imaginary part is the susceptance B
as the following:

Y=G+ B (5)
where: Y, G and B are measured in Siemens [S].

In Figure 15a), the absolute admittance |Y| values
are plotted against the applied frequencies from
100 Hz-120 MHz. The current flow is easily
conduced in designed embroidered stitches by
Tatami stitches in B conductive thread as the length
parameter 6 mm very easy starting from 3 St0 0.8 S
along with frequencies up to 800 kHz.

In Figure 15a), the absolute admittance |Y| values
are plotted against the applied frequencies from
100Hz - 120 MHz. The current flow is easily
conducted in the designed embroidered stitches
by Tatami stitches in A conductive thread within
length parameter 6 mm as the highest value
of the admittance as stable from 1.79-1.58 S
in frequency range 100 Hz - 200 KHz, then
the admittance decrease rapidly to 0.02 S at
100 MHz. On the opposite, for the same stitches
type of Tatami but with stitches I; length 4 mm,
the |Y] is the smallest value, and the opponent
to current flow is much higher than other stitches.
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The |Y] is 0.46 S at 100 Hz and slightly declined to
0.207 S but at a much higher frequency (1 MHz)
than other stitches types. Thus, the stability against
the frequencies is increased on the count
of the admittance value. Then, Satin stitches 4 mm
have lower admittance than Tatami 6 mm. After that,
the |Y] of Tatami 4 mm has continued the decrease
and Running stitches in A conductive thread in both
4 mm and 6 mm are located at 046 S in
Figure 15b). However, the stability of the admittance
against the high frequency is in favor of the Running
stitches rather than other types of stitches.

In final the lowest admittance lower than 0.3 S,
the Running stitches in B conductive thread with
both length 6 mm and then 4 mm Running stitches
are ordered (Figure 15b).

Therefore, the real G and imaginary B component
of the complex admittance Y* is illustrated in
the Figures 16 and 17. In the Figure 16,
the conductance G is behaving as similar as
the admittance but in different values and stability
against the frequency up to 30 MHz.

All conductance values of stitches types and lengths
located in between 0.35-2.0 S approximately all over
the measured frequency range. Then, the instability
in the conductance after 30 MHz is due to
the resonance of the silver metal that is coating
the polymeric thread and filament as well as B
conductive thread as the experimental limitations.

Whereas, in Figure 16., the imaginary part B which
is representing the susceptance B of the materials
(silvery  conductive threads) in embroidered
designed shapes by different types of stitches as
Tatami, Satin and Running multiplied within two
different lengths 4 mm and 6 mm. The susceptance
B is related to the impedance Z and reactance X
of the materials as shown before in equation (6).
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Figure 15 The log-log scale plot of the admittance Y against the frequencies for different embroidered stitches

for E-clothes
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Figure 16 The log-log scale plot of the real part of admittance Y as the conductance G against the frequencies

for different embroidered stitches for E-clothes

The susceptance B of this conductive thread has
much higher values than B. This mean the energy
stored in the stitches is much higher and it has
followed the behavior and trend of both impedance
|Z] and admittance |Y] against frequencies. In Figure
16, the Tatami 6 mm has susceptance B at -0.8 S
at 265 KHz, Tatami 4 mm both have much close
values of B at -0.44 S and -0.41 S at 438 KHz and
606 KHz, respectively. The Running stitches in
4 mm and 6 mm stitches have lower susceptance B
as -0.175 S at 1.06 MHz. There for the real and
imaginary component of the complex admittance is
illustrated in the Figures 15 and 16. In the Figure 16,
the conductance G is behaving as similar as the
admittance but in different values and stability
against the frequency up to 30 MHz
All conductance located in between 0.1-1 S
approximately all over the measured frequency
range. Then, the instability in the conductance after
30 MHz is due to the resonance of the silver metal
that is coating the polymeric thread and filament to
consist of the used conductive thread in the stitches
as the experimental limitations. The imaginary part B
which is representing the susceptance B
of the materials  (silvery  conductive  threads)
in embroidered designed shapes by different types
of stitches as Tatami, Satin and Running multiplied
within two different lengths 4 mm and 6 mm.
The susceptance B is related to the impedance Z
and reactance X of the materials. Thus, the B can be
deduced as the following:

Y=GijB=ie— =
YT T I TRy T
R _x (6)
= (me) Vi r)
Rz +x2) " \R2 1 x2
p=_* X 7
T R2+ X% |Z)? "
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Therefore, the susceptance B is recalculated for all
stitches types of Tatami and Running and they are
represent in the Figure 16. There are clear
differences among type of stitches as well as their
lengths. The Tatami 6 mm stitches provided high
conductance and low impedance. However,
the susceptance B is very low near to zero at low
frequencies until 4 KHz, then the amount of energy
stored in the stitches decreased as seen in
Figure 17. When AC passes through a component
that contains a finite, nonzero susceptance, energy
is alternately stored in, and released from,
a magnetic field or an electric field. In the case
of a magnetic field, the susceptance is inductive.
In the case of an electric field, the susceptance is
capacitive. Inductive susceptance is assigned
negative imaginary number values, and capacitive
susceptance is assigned positive imaginary number
values. As the inductance of a component
increases, its susceptance becomes smaller
negatively (that is, it approaches zero from
the negative side) in imaginary terms, assuming
the frequency is held constant. As the frequency
increases for a given value of inductance, the same
thing happens. Therefore, in case of embroidered
stitches all susceptance B values are negative
and then the released energy would be inductive.
The Tatami stitches with 6 mm length have stored
much energy at high frequency 400 KHz as well as
Satin 6 mm. However, energy but at higher
frequency near to 1 MHz. the Tatami 4 mm is much
less than pervious stitches but more shifted to higher
frequency 1.5 MHz. Finally, running stitches store
much lower energy but higher shift toward high
frequencies 2 MHz and 6 MHz for Running 6 mm
and Running 4 mm stitches.
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Figure 17 The semi-log scale plot of the imaginary part of admittance Y as the susceptance B against the frequencies

for different embroidered stitches for E-clothes

4 CONCLUSION

The conductive threads are very crucial and
essential parts of smart textiles but there is a lack
of information in general about the operating
parameters of embroidery with conductive threads
and their influences on communication among
electronic components in the e-textiles product.
In this article, silver-coated conductive threads have
been employed in the fabrication of 4 embroidered
designs with two different stitch types (Tatami,
Running) and two lengths for each stitch (4 mm,
6 mm).

The influences of embroidery parameters and
factors such as length of stitches as well as the type
of stitches were investigated against the electrical
properties of each design for each conductive thread
usage.

Microstructure properties of conductive threads were
characterized by energy-dispersive X-ray (EDX)
and scanning electron microscopy (SEM).
The embroidery process was done by
the computerized embroidery machine. The effects
of embroidery parameters such as different stitch
type, stitch length and type of thread conductive
were evaluated. The electrical characteristics also
have been determined for the textile without any
embroidered stitches of conductive threads.

The electrical characteristics were measured and
determined in the frequency domain from 100 kHz-
120 MHz. The impedance and resistivity of threads
are determined also using the AC voltages at three
different frequencies 100 kHz, 1 MHz and 10 MHz.
The applied voltages are from 0.0-1.0 volts through
thirty (30) steps.

The alternative current AC measurements were
conducted for impedance, phase angle, and their

Fibres and Textiles 28(3), 2021

corresponding parameters such as real-valued
resistance, reactance, admittance, conductance,
susceptance and Nyquist plot of ac impedance.
Thus, results can be summarized as follows:

The phase angle in textile is stable against all
frequencies up to 100 MHz at -89° which is
the characteristic of good small resistor
accompanied with a capacitor. The reason for
that is the textile in between parallel two
electrodes acting as typical dielectric material.

All impedance values are located between 0.3 Q
up to 6.18 Q. Once, the impedance is crossing
the frequency of 10 MHz, the polarization of silver
is contributing to the measurement so that all
stitches types with different lengths have
the same behavior and trend.

The phase angle is increased exponentially from
very low values near to zero until 1 MHz, then
the angle continues increasing into the plateau
that started from 1-10 MHz with values near 90°.
This mean the designs shapes by embroidered
stitches are acting as perfect resistor at low
frequencies while they are acting as perfect
inductor at high frequencies.

The 6 mm stitches length in all stitch types
provides low resistance rather than 4 mm stitches
against the common prediction. This could be
explained as the stress and strain due to
the automatic machines of embroidery are less
in6 mm if compared to these stresses
accompanied with 4 mm stitches length.

The reactance X is below 1 Q until 1 MHz, while
there is continuous increase after 1 MHz till
100 Q at 120MHz, approximately. There are
no big differences in X for all types of stitches
with their different stitch lengths approximately
as well as HC12 conductive thread embroidery.
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The X is a typical trend without any significant
differences in all types of stitches with their
different stitch lengths. Therefore, these designs
of embroidered shapes by certain stitches could
be a good potential for antenna applications.

The Nyquist plot here is typical for conductive
component for all stitch types in both stitches'
lengths 4 mm and 6 mm. The Nyquist plot
of Tatami stitches of 6 mm length is showing
the lowest value of impedance overall
the frequencies against the lock stitches (B
thread) 4 mm length which shows the highest
impedance and resistance.

The absolute admittance |Y| values are plotted
against the applied frequencies from 100 Hz-
120 MHz. The current flow is easily conduced
in designed embroidered stitches by Tatami
stitches (A thread) as the length parameter 6 mm
very easy starting from 3 S to 0.8 S along with
frequencies up to 800 kHz. However, the stability
of the admittance against the high frequency is in
favor to the lock stitches than others stitch types.

All conductance values of stitch types and
lengths located in between 0.35-20 S
approximately all over the measured frequency
range. Then, the instability in the conductance
after 30 MHz is due to the resonance of the silver
metal that is coating the polymeric thread and
filament conductive thread as the experimental
limitations.

The susceptance B of the A conductive thread
has much higher values than B conductive
thread. This means the energy stored in
the stitches is much higher and it has followed
the behavior and trend of both impedance |Z| and
admittance |Y| against frequencies. The Tatami
6 mm (A thread) has susceptance B at -0.8 S
at265 KHz. Therefore, in the case
of embroidered stitches all susceptance B values
are negative and then the released energy would
be inductive.

Therefore, these findings are valuable for
fabricating any of embroidered e-textiles such as
high-performance circuits, antenna applications
and other electrically conductive systems and
devices. Additionally, these designs
of embroidered shapes by certain stitches could
be a good potential for antenna applications.
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