
Received May 15, 2020, accepted July 29, 2020, date of publication August 24, 2020, date of current version September 4, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3018759

Towards Embroidered Circuit Board From
Conductive Yarns for E-Textiles
EZGI ISMAR , XUYUAN TAO , FRANÇOIS RAULT , FRANÇOIS DASSONVILLE,
AND CÉDRIC COCHRANE
École Nationale Supérieure des Arts et Industries Textiles/Génie et Matériaux Textiles Laboratoire (ENSAIT/GEMTEX), 59100 Roubaix, France

Corresponding author: Xuyuan Tao (xuyuan.tao@ensait.fr)

The work of Ezgi Ismar was supported by the Fonds Européen de Développement Régional/Met steun van het Europees Fonds voor
Regionale Ontwikkeling in the framework of the European Interreg V France-Wallonie-Vlaanderen Project Luminoptex.

ABSTRACT In this study, polymeric/metallic yarns were fabricated by using the micrometric copper
multifilament and the polymer multifilament to create electrically conductive, thin, flexible composite yarn
structures. The main aim is to realize the circuit board by using fabricated conductive yarns in the needle
position of the embroidery machine and to integrate electronic components on textile structures by the
soldering process. In the embroidery machine, the usage of the yarn in the needle gives a chance to create
a tailored design according to the specified application. Mechanical and electrical properties of fabricated
yarns were investigated. Meanwhile, a benchmark test has been done by using other commercial conductive
yarns. Their embroidery performances were tested by investigating the possible harms during the stitching
process. Finally, several embroidered circuit boards have been realized to show the versatility of fabricated
yarns for different circuit designs.

INDEX TERMS Conductive yarn, e-textiles, electronic circuits, embroidery process, textile industry, textile
products.

I. INTRODUCTION
E-textiles are characterized by the convergence of different
disciplines, such as material, electronic and automation sci-
ences. They aim to combine the electrical properties and/or
functions with flexible textile substrates. From healthcare
to entertainment e-textiles have a wide range of potential
applications [1]. With the development of material science
and electronic engineering, as an important e-textiles sec-
tor, wearable textile electronic devices are tremendously
miniaturized and their form moves from bulky and rigid to
thin and flexible [2]. Nevertheless, the integration of elec-
tronic components is always an obstacle in terms of end-use
applications. There are two main issues for the integration:
the high conductive yarn and the connection technology
between textiles and electronic components [3]. Conductive
yarns are one of the most popular joining elements of the
e-textile system. They can be shaped as a wire, staple fiber
or filament. Their source can be 100% electrically conduc-
tive metals such as stainless steel, copper, aluminum, etc.
or intrinsic conductive polymer (ICP) such as PEDOT:PSS
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(poly(3,4-ethylene dioxythiophene) polystyrene sulfonate),
polypyrrole, etc. or conductive polymer composite (CPC)
such as silver-based, carbon-based, etc.. Some of them are
fabricated directly through their raw material while others
are fabricated via modification of non-conductive fibers or
filling of non-conductive materials [4], [5]. There are several
commercial conductive yarns in the market, such as silver-
plated yarns, stainless steel, metallic yarns, and carbon fiber
yarns [6]–[9].

Polymer containing conductive yarns can be obtained via
coating with conductive material or spinning through the con-
ductive material [10]–[13]. Silver-plated polymeric yarns are
one of the most common conductive yarns due to their flex-
ibility and ease of processability when they are compared to
metal-based yarns. Polyamide fibers covered with a thin layer
of silver present high conductivity while preserving the flex-
ibility of the polyamide [14]. They are widely used to realize
the textile circuit board by embroidery technology [15]–[17].
However, silver-plated yarns exhibit poor adhesion proper-
ties [18]. As a result, during the embroidery processes where
external forces will be applied, the silver coating starts to
be damaged and to peel off by losing its conductivity [19].
Moreover, coated/plated polymeric conductive yarns are not
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convenient for the soldering process due to the applied high
temperature [20]–[22].

Besides of coating process, the melt or wet spinning pro-
cess is employed to obtain the conductive yarn by mixing
the powder of inherently conductive polymers such as carbon
black or nanotube with polymers to obtain fibers [23], [24].
However, their electrical conductivity is not enough high
for the electric transmission requirement. Apart from the
silver-coated polyamide yarns, insulated copper yarns have
been widely used to create electrical circuits in textile struc-
tures [25]–[27].

Metal-based yarns have a superior electrical conductivity
over inherently conductive polymeric yarns. As a drawback,
the sensation of metallic fibers on the skin is not very com-
fortable and they are not very flexible to process. For this
reason, metallic fibers are preferred to use as a mixture with
the conventional yarns and fabrics instead [28], [29]. They are
usually used by inserting into the fabric during the weaving or
knitting process [30]–[32]. However, since their low elasticity
and flexibility, it’s quite difficult to use metallic yarns in
the embroidery process compared to polymer-based yarns.
The stainless yarn has been developed several years ago and
widely used for smart textile applications. However, it cannot
be used in needle position for sewing and embroidery process.
The use of yarn in needle is to be preferred not only for the
aesthetics of the embroidery but also for the manufacturing
process. The inconveniences of use in spool position are:
1) the length of yarn is limited by the size of spool bobbin 2)
the sewn design cannot be well controlled for spool bobbin
yarn. Besides, the stainless yarn is not suitable for solder.
In this study, we aim to overcome this issue.

As for the integration issue, there are several connec-
tion technologies for the textile structure and electronic
components, such as gluing [33], [34], flip-chip [35], [36],
crimping [37], embroidering [38], [39], soldering [40], mag-
net [14], etc. Some of them are not suitable for polymer-based
conductive yarns because of the requirement of high tem-
perature. As for embroidery technology, only polymer-based
conductive yarns can be used in the needle position. Best of
the authors’ knowledge and experience, 100% metal-based
yarns such as stainless steel can be only used in the spool
position. Electronic components are soldered on a flexible or
semi-flexible PCB (Print Circuit Board) and then the contact
process is made by the physical contact between conductive
yarn and the pad of PCB [41], [42]. If the conductive yarn
can be only used in the spool position, it’s difficult to create
this physical contact. Meanwhile, even if polymer-based con-
ductive yarns are used in the needle position, the contact part
will be loose during the use. As a result, this kind of contact
results in a high contact electric resistance or even a failure of
contact [41]. Hence, this contradiction limits the development
of integration of electronic component on textile structures
for decades.

Till now, there is not any commercial e-textile product
with directly attached electronic components in the market.
The reason of the lack of fully developed e-textile product

is that there is no reliable technology to integrate the elec-
tronic component directly on the textile structure. Most of
them are realized by snap buttons. The second reason is that
there is no highly conductive thread compatible with sewing
or embroidery process, which limit the conductive flexible
circuit design. Conventional textile products have a flexibility
feature which makes them easy to wear and use whereas
electronic products have a certain rigidity. The most common
challenge to meet the conventional textile products with the
electronics is to overcome the flexibility issue for electronic
components. In order to make consumers to accept e-textiles,
it must disrupt their user experience and habits as little as
possible. As a result, the usual properties must be guaranteed:
comfort, durability, washability, etc.

In this manuscript, the main aim is to realize the complex
circuit board by using novel yarns which can be used in the
embroidery process in the needle position. Mechanical and
electrical properties of fabricated yarns were investigated by
comparing with other commercial conductive yarns. Their
embroidery performances were tested by investigating the
possible harms during the stitching process. Finally, several
embroidered circuit boards have been realized to show the
versatility of fabricated yarns for different circuit designs.

II. MATERIALS AND METHODS
The novel yarn is made of copper wires (Elektrisola, Switzer-
land), and Lendzing Profilen R© PTFE (Polytetrafluoroethy-
lene) monofilament (Lenzing Plastics GmbH, Austria). The
Profilen R© monofilaments were used as core yarn to support
the very thin copper wires to improve the processability.
Moreover, polyestermultifilaments were used as a cover layer
to protect copper wires and make ease of their movement
through the needle and embroidery process. The reason of
choosing polyester multifilaments as cover yarn is that they
are most popular used as embroidery thread in embroidery
and sewing process because of their low price and high
mechanical properties.

Fig. 1 illustrates the fabrication process. The hollow spin-
dle machine (Gualchieri e Gualchieri, Italy) was used to fab-
ricate the conductive yarns. The Lendzing Profilen R© PTFE

FIGURE 1. Conductive yarn fabrication process by the spinning machine
and the cross-section illustration of fabricated yarns.
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monofilament was fed from the top of the spinning machine
as a core yarn and top spindle speed is 4000 rpm. Multifila-
ment copper wires were twisted over the core yarn in the mid-
dle position of the machine. Twist of the copper wires was set
as 400 TPM (Turns Per Meter). The polyester multifilaments
were used as cover yarn with 600 TPM over the copper wires.
After cover yarn twisted, fabricated yarns wind through the
bobbin and this process named as winding process and yarn
collected on the bobbin. The fabrication process is carried out
under room temperature, 50-65% relative humidity.

In this manuscript, two kinds of conductive yarns were
fabricated: the one with 12 × 30 µm copper wire as type A,
and the other one is 30× 20 µm copper wire as type B.
Three commercial conductive yarns were purchased and

used as they received for benchmark test to compare with
the fabricated yarns. They are Madeira HC40 (Madeira
Garnfabrik GmbH, Freiburg, Germany), Shieldex 117/17-2
ply HCB (Statex Produktions+Vertiebs GmbH, Bermen,
Germany), and Tibtech Datatrans yarn (TIBTECH innova-
tions, France). The ordinary 135 × 2 dtex polyester yarn
(Gunold, Germany) which is commonly used in the embroi-
dery machine was also tested to obtain the reference value for
the embroidery machine.

Mechanical propriety measurements were carried out with
MTS Criterion R© Electromechanical Universal Test Systems
(Criterion, US) according to ISO 2062 standard. The number
of trials is 10 samples and the length of the sample is 200mm
with the applied speed of 200mm/min.

The electrical conductivity measurements of the sam-
ples were performed with the 1906 computing multime-
ter (Thurlby Thonder Instruments). For all kinds of yarns,
10 samples were tested for various distances between 10 cm
and 100 cm, and each measurement was repeated 10 times
to obtain the average values. After the embroidery process,
conductive yarns were carefully pulled out from the fabric
and their linear resistance was measured to investigate the
resistance change on the yarn. Since the applied mechanical
force, such as bending, stretching, friction, during embroi-
dery process will be much strong than the one during pullout
process, we consider that the damage during pullout process
can be negligible.

The embroidered process was carried out in JF-0215 ZSK
embroidery machine (ZSK Stickmaschinen GmbH, Krefeld,
Germany). The distance between stitch points is 2.5mm,
which is controlled by the embroidery machine. To inves-
tigate the embroidery performance of the yarns, complex
design with straight and curved were applied. All yarns are
used in the needle of the embroidery machine except for
Tibtech yarn because it is too tense which makes it not
applicable in the needle position. Due to that, Tibtech yarn,
which was used in the spool position.

Three kinds of textile-based circuits were fabricated on
cotton fabrics. The connection between the conductive yarn
and electronic components were realized by soldering tech-
nology with a low melting point solder (179 ◦C) (SN62 362
5C, Loctite). The textile-based circuit was connected to a

microcontroller by snap buttons. 100 Ohm 0805 resistors
(TRU components), VLD 1232G LEDs (Vishay), 1206 CMS
LED (VCC), SN74HCT573N chip (Texas Instruments) and
SN74HC595N chip (Texas Instruments) were used for cir-
cuit board applications. Arduino UNO and Micro microcon-
trollers were used to control the components. The temperature
of circuit has been mearsured by an infrared thermometer
(Fluke VT04A, Washington, United States).

III. RESULTS AND DISCUSSIONS
A. MECHANICAL PROPRIETIES
The results of themechanical measurements of the yarns were
shown in Fig. 2. Copper wire twisted yarns have improved
mechanical properties when it is compared with the core
yarn. The yarns A and B show a brittle curve (strength of
yarn A slightly higher than yarn B) and the ordinary embroi-
dery yarn has a ductile curve, which means that the copper
wires reduce the elongation and increase the strength for the
core yarn because the copper wire is not flexible due to its
metallic nature and it has a lower elongation percentage over
the other yarns. Silver-plated yarns (Shieldex and Madeira)
have a similar mechanical performance. They are less elastic
than ordinary polyester yarn but more elastic than others.
Among the all conductive yarns, the silver-plated yarns give
the closest mechanical performance to the ordinary polyester
yarn. The Tibtech yarn is not as tough as fabricated yarns
A and B, but not also too much elastic.

FIGURE 2. Average stress-Strain test results of different yarns.

In terms of recovery and resilience performance, the flex-
ibility of the yarn determines the ease of the yarn movement
during the embroidery process. If the yarn is too rigid, it will
be impossible to make the loop under the fabric. Otherwise,
if the yarn is too elastic, it will not create the loop under the
fabric during the stitching and make entanglements. The core
yarn has a high Young’s modulus (17.71 GPa), which makes
it impossible to be used in embroidery machines. However,
combined with copper wire and cover yarn, its Young’s Mod-
ulus (7.21 GPa for yarn A and 5.94 GPa for yarn B) is close
to ordinary polyester (4.2 GPa). The ordinary embroidery
yarn is the most elastic one compared to others. However,
fabricated yarn A and B work well with the embroidery
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TABLE 1. Results of mechanical tests of yarns.

machine. The diameter of Tibtech yarn is too high to be used
in needle position, even if its mechanical performance is close
to ordinary yarn.

B. ELECTRICAL PROPRIETIES
Fig. 3 shows the measurement of the linear electrical resis-
tance values of the yarns with error bars. The linear resis-
tances are given by the slopes of the linear regression. Among
all commercial conductive yarns, Shieldex yarn possesses the
highest resistance value with 247 ohm/m. The linear resis-
tance of Madeira is 114 ohm/m. Tibtech yarn has a low linear
resistance value around 4.1 ohm/m. Yarn A has electrical
conductivity value as 2.3 ohm/m and yarn B has an electrical
conductivity value as 2.3 ohm/m.

For all conductive yarns, their resistance grows linearly
with the measured length. The statistic result shows that the
data follow the linear regression model with high R-squared
value, which means that they exhibit a good homogeneity.

C. EMBROIDERY PROPRIETIES
Straight and curve embroidery designs were prepared for
all yarns to evaluate their embroidery performance. Except
for Tibtech yarn, the other yarns were used in the needle
position. Tibtech yarn is so stiff which makes it impossible to
be used in the needle position. Hence, it is used in the spool
position. Fig. 4 presents the front view of the embroidered
samples and Fig. 5 shows the back side of the embroidered
designs. During the embroidery process, not any broken
yarn was observed and the distance between the stitches is
homogenous.

In Fig. 5b and 5c, the silver-plated yarns can be observed in
the curved part of the design from the back side, which is due
to the tension problem of the yarn. For yarn A and B (Fig. 5e
and 5f), the back side is smoother and more homogenous and
similar to the ordinary yarn sample (Fig. 5a) which shows
that fabricated yarns can be used in the embroidery machine
during the mass production.

The results of linear resistances of conductive yarns after
the embroidery process are given in Fig. 6. As for the linear
resistance of the yarns, there was a slight difference before
and after the embroidery process. Resistance values became
a little higher after the embroidery. It can be explained by

FIGURE 3. Linear Electrical Resistance values of the yarns a) Madeira,
b) Shieldex, c) Yarn A, and d) Yarn B.

the mechanical forces and friction actions applied to the yarn
during the embroidery process. However, curved embroidery
lines had a lower resistance value when they were compared
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FIGURE 4. Embroidery performance of the different yarns, a) Ordinary
embroidery yarn, b) Madeira, c) Shieldex, d) Tibtech as a bobbin yarn, e)
Yarn A, and f) Yarn B.

FIGURE 5. Back side of the embroidered samples a) Ordinary embroidery
yarn, b) Madeira, c) Shieldex, d) Tibtech as a bobbin yarn, e) Yarn A, and f)
Yarn B.

FIGURE 6. Resistance (ohm/m) comparison of the 1 m length yarn as a
yarn form, in the straight line embroidery stitch, and curved embroidery
stitch.

to the straight embroidery lines. This can be explained with
the curvy design was more appropriate with the embroidery
stitching movement than the straight stitching.

D. TEXTILE-BASED CIRCUIT
Since there is no difference between the conductive yarn type
A and B, we use the yarn type A to realize all textile-based
circuit applications.

Fig. 7 shows the demonstration of conductive yarn
and LED (1206 CMS LED) in the embroidery design.
A CR2032 battery was used as a power supply. The conduc-
tive was covered by polyester yarns (back color). The LED
was soldered with the conductive yarn.

FIGURE 7. Photograph image of the embroidered ENSAIT logo with the
usage of the fabricated yarn A with the LED attachment.

The second application is about six LEDs (VLD 1232G
LED) parallelly connected with the Arduino Micro micro-
controller (Fig. 8). Snap buttons were used to connect the
textile conductive yarn and metal wires. The Arduino Micro
is programmed to have a dynamic blinking effect. The video
of the dynamic blinking demonstration is offered as the sup-
plementary material.

FIGURE 8. Photograph image of the six parallelly connected LEDs with
Arduino Micro device.

Fig. 9 shows the sixteen LEDs connected with an Arduino
UNOmicro-controller. Two octal Transparent D-Type latches
(SN74HCT573N) and an 8-bit shift with 3-state output reg-
ister (SN74HC595N) were used to realize this circuit. The
circuit schema is shown in Fig. 10. The D-type latch and
registers were PDIP (Plastic Dual in-Line Package) package.
To make them compatible with the solder process, the leads
of devices were bent to make gull wing format. As a result,
the device can be easily soldered on the conductive yarn.
Since there were crisscross patterns for the conductive yarns,
ordinary embroidery yarns were to realize an isolator spacer
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FIGURE 9. Circuit schema of sixteen LEDs application.

FIGURE 10. Photograph image of the sixteen parallelly connected LEDs
with Arduino Uno device and electronic components.

FIGURE 11. Infrared thermometer image of the sixteen LED circuit.

between conductive yarns (red part in Fig. 9 and yellow part
in Fig. 10) in order to avoid the short circuit effect. This kind
of design offers a multiple-layer possibility for circuit design.
On the other hand, a solder point was added on the battery
supplier bus and the conductive yarn in order to enhance
the electrical contact. The video of the dynamic blinking
demonstration is offered as the supplementary material.

The temperature of sixteen LEDs circuit has been mea-
sured 30mins after the run of the circuit (Fig. 11). The envi-
ronnement temperature was 15.9 ◦C. The highest temperature
of circuit has been measured on the LED devices, which was
18.9 ◦C. The temperature on chip was about 16.9 ◦C. The
temperature of circuit is not damgerous for the human skin.

IV. CONCLUSION
In this study, two different composite conductive yarns were
fabricated with the usage of ultrafine copper wires. They are
presented as a flexible connection element for the e-textile

products in terms of the embroidery design. Composite
conductive yarns are compatible with the embroidery pro-
cess, which allows realizing a versatile textile-based circuit
design. Traditional PDIP electronic components can be easily
soldered on the conductive yarn. The ordinary yarn can be
used as an isolator spacer, which makes the multiple layer
design to be possible.

Since many alternative conductive core yarns have been
produced with similar methods, the novelty of proposed yarn
is in terms of choice of materials and design of fabrication.
These novel yarns can be used for solder process. As a result,
their potential applications will be versatile. That depends the
kind of integrated electronic sensor/actuator/microcontroller.
With the LEDs, we canmake the textile screen. If we put some
temperature sensors or gas sensors, they can be the PPE (per-
sonal protection equipment) for firefighters. With the help of
accelerometer or gyroscope sensors, the health care garment
can be invented by testing the of body position/posture of
senior people.

However, all soldering processes which applied to the
connection of the electronic components were craftwork and
future studies should be involved to improve themass produc-
tion process. Even low-temperature soldering was applied to
the samples, it is a quite high temperature for the textile-based
materials. Thus, conductive glue or adhesive materials can
be an alternative to overcome to soldering difficulties for
textile-based materials.

Another limit of application is the size of lead of soldered
electronic component. In this manuscript, package outline
of component is PDIP. The distance between each lead is
about 0.1 inch (2.54mm). The diameters of our yarns are
0.23 mm and 0.28mm, which are suitable for this distance
between leads. However, some other kinds of package such as
SOIC (Small Outline Integrated Circuit) require the 0.05 inch
(1.77mm) distance between leads. In this case, our yarns
cannot be employed. The thinner yarn should be developed
for this kind of package.

Our future perspective will be focused on two topics: low
temperature bonding technology such conductive adhesive
and thinner conductive yarn design for miniaturized pack-
ages. All improvements should also be made to reach the
traditional requirements of the consumers for an improved or
at least equal end-user experience.
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