Advanced Fiber Materials (2023) 5:154-167
https://doi.org/10.1007/5s42765-022-00203-1

RESEARCH ARTICLE q

Check for
updates

High-Speed Sirospun Conductive Yarn for Stretchable Embedded
Knitted Circuit and Self-Powered Wearable Device

Li Niu' - Jin Wang' - Kai Wang' - Heng Pan? - Gaoming Jiang' - Chaoyu Chen' - Pibo Ma'

Received: 5 May 2022 / Accepted: 29 August 2022 / Published online: 17 October 2022
© Donghua University, Shanghai, China 2022

Abstract

In the intelligent era, the textile technique is a high efficiency, mature and simple manufacturing solution capable of fabricat-
ing fully flexible wearable devices. However, the external circuit with its integration and comfort limitations cannot satisfy
the requirements of intelligent wearable and portable devices. This study presents an industrialized production method to
fabricate core—shell structure conductive yarn for direct textile use, prepared by the high-speed sirospun technique. Both
integration and flexibility are significantly improved over previous works. Combining sirospun conductive yarn (SSCY)
and the intarsia technique can provide the SSCY seamless and convenient embedded knitted circuit (SSCY-EKC) to form a
full textile electrical element as the channel of power and signals transmission, allowing for a stable resistance change and
wide strain range for meeting practical applications. SSCY based on the triboelectric nanogenerator (SSCY-TENG) can be
designed as a caution carpet with attractive design and good washability for a self-powered sensor that recognizes human
motions. Furthermore, intrinsic textile properties such as washability, softness, and comfort remained. With benefits such as
excellent extension, fitting, and stretchability, the SSCY-EKC used herein can realize a fully flexible electrical textile with
a high potential for physical detection, body gesture recognition, apparel fashion, and decoration.
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Introduction

Flexible electronics with the advantages of bending, defor-
mation, and adaptability present a wide range of potential
applications in wearable devices. The rapid advancement
of flexible electronics is currently altering the approach of
personal healthcare [1-3], bio-motion monitors [4], and dis-
play techniques [5-7], transforming our world into an intel-
ligent information network. Despite the fact that stretchable
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sensors [8—10] and flexible batteries [11-15] are connected
by an external circuit for signals and power transmission,
they are pasted [16—18] and sewed on the textile [19-22],
reducing flexibility and comfort. Fiber-shaped electrical
devices [23-26] are considered as an effective approach,
improving freedom of movement, designability, and com-
fort, particularly textile compatibility. One-dimensional fiber
structures can be used as yarn and directly integrated into
two-dimensional textile via the textile process [27, 28].
Fiber-shaped conductive materials can be fabricated via
diverse approaches [29], including coating [30], dipping
[31], chemical plating [32], electroplating [33], chemical
vapor deposition [34], and electrospinning [35], increasing
the complexity of fabrication and resulting in easy exfolia-
tion of conductive materials and poor abrasion. The con-
ductive channel may fail over time. Furthermore, a series
of textile techniques for fiber-shaped conductive yarn have
been investigated, such as composite fiber spinning [36, 37]
and conventional ring spinning [38]. With these technolo-
gies, the production capacity and efficiency of fiber-shaped
conductive yarn have been improved. Compared to the above
preparation methods, traditional textile manufacturing [13,
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39-44] can provide a direct and efficient way to fabricate
fiber-shaped conductive yarn, which is equipped with the
industrial machine and mature process, ensuring mass pro-
duction, simple fabrication, low cost, high flexibility, desired
human-friendliness, and high integration of fiber-shaped
conductive yarn. However, a long process, poor abrasion,
and a hard feel are still issues that limit wearable application.

Likewise, the pursuit of “wearable devices” includes
the use of fiber-shaped conductive yarn to well integrate
electronics with conventional textile. However, most elec-
tronics are still built on rigid printed circuit boards (PCBs).
Despite being bendable or twistable, PCBs [45] are not a
viable substitute for the real textiles in terms of maintaining
intrinsic textile properties, such as flexibility, breathabil-
ity, and durability. Attempts have been made to find a bet-
ter way of embedding flexible electronics with a garment.
Conductive patterns can be formed by screen printing [46,
47] via conductive ink coating. However, since the printing
templates are not universal, the manufacturing cost is high.
In addition, conductive yarns are densely sewn in the tex-
tile substrate through embroidery, making it facile to form
complex and variable patterns [48]. Nevertheless, the circuit
fabricated by the embroidery technique is tough, limiting
the strain range and wearing comfort. Traditional textile
processes, such as weaving [49] and knitting [12, 50], can
be employed to integrate conductive yarn into the textile.
Weaving warp and weft cannot have sufficient deformation
space [51], reducing overall circuit flexibility. Knitting tech-
niques, when compared to the woven techniques, present an
appealing interactive medium for the integrated circuit and
textile wearable devices due to their excellent forming, var-
ied structures (plain [52], rib [53], double rib [54], cardigan
[55]), softness, and stretchability.

Herein, the conventional sirospun technique is used to
create a type of SSCY as the electronics transmission chan-
nel in this embedded-circuit construction. Using stainless
steel wire as the core yarn and cotton yarn as the shell, the
SSCY has been designed and manufactured to have good
conductivity, high flexibility, mechanical strength, knitted
adaptability, full coverage, security protection, and work-
ing durability. Fabrication parameters of SSCY have been
optimized in core diameter, drafting multiples, and twist
multiplier to achieve good mechanical and stable electrical
properties. Due to high efficiency and mature production
technology, approximately 240 m SSCY can be wrapped on
the bobbin every minute. SSCY-EKC can be designed and
formed by the intarsia knitting technique, which seamlessly
incorporates SSCY into textile without the need of addi-
tional treatments. For the SSCY-EKC, the relative change
of resistance is less than 1% under the two-dimensional
tension and three-dimensional curve deformation. The
full fiber knitted-based conductive channel is comfortable
and tender, and it can withstand significant deformation,

long-term operation, daily washability, and wear abrasion.
Two types of flexible circuit systems for light emission are
applied and can still operate normally when folded and bent.
Furthermore, a caution carpet is designed and prepared by
using SSCY-TENG as a self-powered sensor for recogniz-
ing human motions based on the triboelectric nanogenerator
(TENG). Therefore, the developed SSCY-EKC as an energy
and signal transmission channel with industrial knitting,
high flexibility, deformation adaptivity, working stability,
and superior integration presents a promising application in
real-time detection, remote healthcare, and future fashion
design, and smart wearable devices.

Experimental Section
Materials

Stainless steel wires (316 L type, diameters are 0.03 mm,
0.04 mm, 0.05 mm) were purchased from Shanghai Fuxi
machine, Co. Ltd., Shanghai, China. The cotton fibers
(4.3 g/10 m) were brought from Weifang Honghua Tex-
tile Co., Ltd., Weifang, Shandong, China. The nylon yarn
(66.7 tex) was acquired from Nantong Kejia Textile Fiber
Products, Co. Ltd., Nantong, Jiangsu, China. The spandex
core-spun yarns (20/70: 22.2 dtex spandex filament covered
by 77.8 dtex nylon fiber; 30/70: 77.8 dtex spandex filament
covered by 33.3 dtex nylon fiber; 40/70: 77.8 dtex spandex
filament covered by 44.4 dtex nylon fiber) were brought from
Zhuji Datang Hongnuo Fibers Co., Ltd., Zhuji, Zhejiang,
China.

Design and Fabrication of SSCY

Core—shell conductive yarn is made from stainless steel
wires and cotton yarns, with stainless steel wires serving as
the core fiber and cotton yarns as a shell. Core fibers (stain-
less steel wires) are fully covered by shell fibers (cotton fib-
ers) by the sirospun technique. First, the stainless steel wires
and cotton yarns are extracted from the bobbin and pass
through the guide wheel and bell, respectively. Then, two
types of yarns are twisted and tied together on the spinning
tube. The parameters of fiber fabrication are set, such as core
fiber diameter, drawing multiple and twist. To calculate the
drawing multiple, the required yarn number is divided by
the actual yarn number. Finally, SSCY yarns are used for
the preparation of the flexible knitted circuit.

Preparation of Flexible Knitted Circuit
In this work, all flexible knitted circuits are knitted by the

knitting technique which is a mature textile process. The
high-speed flat knitting machine (SWGO061N2, E15, SHIMA

@ Springer



156

Advanced Fiber Materials (2023) 5:154-167

SEIKI, Japan) is employed to prepare a formed knitted cir-
cuit, improving the compatibility with textile. Using the
intarsia technique, SSCY/spandex core-spun fiber and nylon
yarn can be knitted in the designed area, respectively. A cus-
tomized circuit can be knitted based on the practical applica-
tion requirements.

Characterizations

The multi-functional yarn machine (CCZ-X, Wuxi Hengjiu
Electrical Technology Co., LTD.) was used to prepare
the SSCY. The surface morphology of yarn and textile
was observed by a scanning electrons microscope (SEM)
(5-4800, Hitachi, Japan). A digital multimeter (DM3068,
RIGOL Technologies Co., LTD.) was used to measure
resistances. The stress—strain properties were estimated by
a computer-controlled electronic universal testing machine
(MTS, America), and an ultrasonic cleaner (KQ-100VDYV,
Kunshan Ultrasonic Instruments Co., LTD.), and a Mar-
tindate Abrasimeter (YG401G, Ningbo Textile Instrument
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Fig. 1 Schematic illustration of the fabrication process of the SSCY.
a Fabrication process of SSCY. (i) The twist angles. (ii) SSCY with
z-twist. (iii) An enlarged view of SSCY with core—shell structure. b
Twist cotton yarns. ¢ The optical micrograph of the cross section of
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Factory) were used to evaluate the washability and working
durability of the flexible knitted circuit, respectively. The
periodic contact and separation movements were applied by
a commercial linear mechanical motor (LinMot E1100). The
Voc, Isc, and Qsc of the BSK-TENG were measured by an
electrometer (Keithley 6514).

Results and Discussion

The advantages of the textile technique, such as its high
efficiency, scalable production, and diverse materials selec-
tion, have greatly promoted the development of conductive
yarn and smart textile. In this study, a traditional sirospun
technique is presented as a scalable fabrication of the full-
coverage conductive yarn used in the embedded textile cir-
cuit, as shown in Fig. 1a. For the SSCY, stainless steel wire
is chosen as the electrode, owing to its low resistance (< 10
Q cm™!) and flexibility. Conventional cotton yarn is adopted
as the shell for protecting the conductive core, which is not

Y
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Cottonyarn — *

1

Stainless,,”
steel wire

SSCY. d The SEM image of SSCY (enlarged 60 times). e The resist-
ance of the surface of SSCY. f The large-scale production of SSCY
coiled on the bobbin
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only a commonly used textile material, but also has excellent
wearable properties such as softness, ease of fabrication, low
cost, and washability. In Fig. 1a, the spinning and continuous
fabrication process of SSCY is clearly depicted as a sche-
matic illustration. The stretchable conductive yarn is made
by wrapping cotton fibers on the surface of stainless steel
wire using a mature and high-speed sirospun machine. First,
cotton yarn and conductive yarn are drawn from bobbins,
then cotton fibers are fed into the bell and stainless steel
wire is drawn by a guide wheel. Second, loose cotton fibers
are drawn into the twisting triangle, forming a plied cotton
yarn with weak twisting. An enlarged view of the roller is
shown in Fig. 1a (i). By adjusting the twisting angle (0),
the conductive yarn can be covered by the cotton yarn with
structural stability. The formed SSCY Z-twist (Fig. la (ii))
will be collected by a spinning tube. In Fig. 1a (iii), the shell
fibers are twisted around the core conductive fibers. Then,
the stainless steel wire and plied cotton yarns are twisted
together (Fig. 1b). An optical micrograph of cross-sectional
image and longitudinal section view of SSCY (Fig. 1c and
Fig. S1) show that the bent stainless steel wire can be cov-
ered by cotton yarns and the cotton yarn on the surface of
SSCY with Z-twist, as shown in Fig. 1d. The yarn surface
is insulating (Fig. le). Considering the industrial sirospun
technique, approximately 240 m of SSCY can be obtained in
1 min, confirming the ability of efficient production and pro-
moting the commercialization of smart textile. The photo-
graph of actual SSCY with different parameters collected on
the bobbins is presented in Fig. 1f. The core—shell structure
can be facile to be integrated with conductivity and flexibil-
ity, promoting the potential application of wearable devices.

The diameter of core yarn directly influences the SSCY
diameter. The results show that the diameter of SSCY
increases with increasing core yarn diameter (Fig. 2a). The
helix appearance of SSCY is clearly shown in Fig. 2a when
the core fiber is 0.03 mm, 0.04 mm, and 0.05 mm (SEMs
and stress—strain curves of stainless steel wires are shown
in Figs. S2 and S3), which is fabricated by a continuous and
mechanical process. It is worth noting that the bare shape
of stainless steel wires is twisted (Fig. 2b) due to variable
speeds of fabrication motion. From the sirospun precisely
static state model (Fig. 2c), the reasonable parameters of
double strands spinning yarns pulling out from the front
roller clips, such as yarn diameter, drawing multiple and
yarn twist, can be reasonably designed for obtaining a rela-
tively stable parameter of fabricated yarn.

The effect of three factors (yarn diameter, drawing mul-
tiple, and twist) on the bare-core length, yarn strength, and
the number of turns is discussed and analyzed from Fig. 2d
to Fig. 2f. Considering the structural model of SSCY
(Fig. 2c), the larger the diameter (R) of SSCY, the greater is
the twist angle (a). As the twist angle degree increases, so
does the cohesion of a single fiber (N). The bare-core length

decreases with the increasing cohesion as the diameter of
core fiber increases. It was found that the bare-core length
of SSCY decreased with an increased diameter of the core
fiber, verifying the structural model of SSCY. Therefore,
0.05 mm stainless steel wires as core fibers are the best can-
didate for the SSCY based on the shortest bare-core length.
The bare-core length of SSCYs with various drawing mul-
tiples and twists is discussed. As shown in Fig. 2e—f, the
same trend of an increasing bare-core length with the raised
drawing multiple and twists rise. Another critical factor in
successful knitting in textile manufacturing is the strength
of SSCY. The little effect of drawing multiple and twist-
ing on strength can be seen in Fig. 2e, f, which attributes
to the main supporting of core yarn, not shell yarn. How-
ever, excessive twisting may hinder the stretching of SSCY.
Photographs of SSCY with different drawing multiples and
twists are displayed in Figs. S4 and S5. In Figs. 2f and S6,
the SSCY with 410 twists has a lower strength and larger
bare-core length. Figures 2g and S7 exhibit the strain—stress
curve and the photograph of the testing machine is shown
in Fig. S8. Stainless steel wires have a larger strain and the
fracture strain ranging from 20 to 28.6%. The strain—stress
curve of SSCY-0.05 mm shows two stages, wherein the first
fracture occurs at 0.5% strain, as obvious in an enlarged view
in Fig. 2g. This is the fracture of stainless steel wires. Then
the cotton yarn is continuously stretched until it reaches
a strain of 7%. Although the fracture strain of SSCY is
reduced by 35%, its stress increases more than twice than
that of the stainless steel wires, which is sufficient for a flex-
ible knitted-based circuit. The stress of SSCY is obviously
higher than that of the stainless steel wires owing to the
combined effect of core yarn and shell yarn. The effect of
the structural parameters on the elongation of SSCY is also
investigated. As shown in Fig. 2h, the difference between
the maximum and the minimum of elongation is less than
1%, indicating that the influence of structural parameters on
elongation is small. The cyclic tensile test of SSCY is dis-
cussed in Fig. S9. It has obvious damage after ten times, due
to the pullout effect of the spun fiber, as shown in Fig. S9.
However, the fiber is not broken after ten times stretching.
For the requirements of the circuit, current carrying
capacity, which is the ability to transfer electrons, needs
to be considered. It can be expressed as relative resistance
change (AR/R,), where AR is the resistance change between
the initial resistance (R,) and final resistance. As shown in
Fig. 2i, the relative resistance changes of stainless steel wires
show a positive linear relationship with the strain. Compared
to the stainless steel wires, the relative resistance change of
SSCY changes more slowly with increasing strain (Fig. 2j-1).
When the structural parameter changes, resistance obviously
changes with the increase in the diameter of the core yarn
(Fig. 2j). The increasing resistances with different strains
can reflect the change in force. As shown in Fig. 2k and 1,
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Fig.2 Mechanical and electrical properties of SSCY. a The SEM of
SSCY with different diameters of stainless steel wire. b Photograph
of the shape of partial bare-core yarn. ¢ Structure model of SSCY.
d—f The effect of core yarn diameter, drawing multiples and twists on
the bare-core length, strength, and number of turns. g Strain—stress
curve of stainless steel wires and SSCY-0.05 mm. h The comparison

both drawing multiples and twists nearly have no influence
on the conductivity. After a comprehensive consideration of
bare-core length and strength, the SSCY with 0.05 mm core
yarn, drawing multiple (17.28), and twist (400) is selected
as the conductive yarn to fabricate the flexible knitted-based
circuit for the research of integrated knitting circuit.

The chosen SSCY for a flexible circuit is integrated into
the knitted textile by the intarsia knitting process (Fig. 3a),
while retaining the advantages of textile properties, such as
softness, stretchability, wearability, and washability. Intarsia
is a knitting technique that can significantly improve the
connection between two or more types of yarns, resulting

@ Springer

of the effect of core yarn diameter, drawing multiples and twist on
elongation. i Mechanical-electrical curve of stainless steel wires. j
Mechanical-electrical curve of SSCY with different core yarn diam-
eters. k Mechanical-electrical curve of SSCY with different draw-
ing multiples. 1 Mechanical-electrical curve of SSCY with different
twists

in a seamless appearance. In this study, one issue that needs
to be addressed urgently is the low strain of SSCY, hinder-
ing the stretchability of SSCY-EKC. To improve elasticity,
spandex core-spun yarn and SSCY are fed into the knitting
needles at the same time and knitted together to fabricate the
integrated flexible circuit. In addition, adding spandex core-
spun yarn can improve the shortcoming of bare-core yarn,
which also offers a dense and flat overlook of SSCY-EKC, as
shown in Fig. S10. A linear conductive channel is embedded
in the entire plain textile, forming a whole textile without
extra sewing. This is a forming process that can enhance
knitting efficiency and adapt to the commercialization of
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Fig.3 The structure, mechanical, durability, and washability of the
SSCY-EKC. a Schematic illustration of SSCY-EKC fabricated by
the intarsia process. b The surface resistance of SSCY-EKC. ¢ Pho-
tograph of the 3.5 cm SSCY-EKC integrated into the textile. d Pho-
tograph of SSCY-EKC with different scales of spandex core-spun
yarn (TO, without spandex core-spun yarn; T1, adding 20/70 spandex
core-spun yarn; T2, adding 30/70 spandex core-spun yarn; T3, adding
40/70 spandex core-spun yarn). e Mechanical properties of the textile

smart wearable devices. After all conductive yarn is tightly
covered, cotton yarns are only exposed to the surface, ensur-
ing the surface insulation of the flexible circuit (Fig. 3b).
As shown in Fig. 3c, a 3.5 cm circuit is integrated into the
textile for investigating other performances. The influence of
spandex core-spun yarn on the fabrication of an SSCY-EKC
should be analyzed. As illustrated in Fig. 3d, four kinds of
SSCY-EKC textiles (TO, T1, T2, and T3) are fabricated with
different spandex core-spun yarns. The scales of spandex
core-spun fiber are 20/70, 30/70, and 40/70, consisting of
nylon yarn with the same diameter, only changing diameters
of spandex core-spun fiber. Course density increases with
the increasing ratio of spandex fiber, as presented in Fig. 3d.
The elastic recovery rates of a flexible knitted circuit are
studied to explore its working durability and flexibility, as
shown in Fig. 3e. T3 has the largest elastic recovery rate

2000 4000 6000 8000 10000 12000 14000 6 ; 1‘0 1.5 2‘0 2.5 3.40
Friction times

-2

Washing times

with SSCY-EKC. f The strain stability of the SSCY-EKC is continu-
ously tested for almost 5000 cycles. g The relative resistance chang-
ing durability of SSCY-EKC in the longitudinal and horizontal direc-
tions are continuously tested for almost 5000 cycles. h The abrasion
of the SSCY-EKC. The inserted images are the testing machines and
state. i The washability of SSCY-EKC. The inserted images are the
testing machines and state

(70.52%) but the lowest plastic deformation rate (8.16%).
Compared to TO without adding spandex core-spun yarn,
elastic recovery rates of T1, T2, and T3 are more than 50%.
Therefore, textile with spandex core-spun yarn is a better
selection for fitting wearable devices. Moreover, the long-
term stability of the integrated knitting circuit is discussed,
which presents a stable strain value (about 20%), as shown
in Fig. 3f. The details of the strain property are shown in the
inserted diagram in Fig. 3f. In this study, the basic considera-
tion is the change in relative resistance, illustrated in Fig. 3g.
It turns out that the relative resistance changes can be well
maintained while stretching longitudinally and horizontally.
The wearing abrasion of textile is introduced in Fig. 3h.
The result indicates that the relative resistance change of
the SSCY-EKC has no significant decline after 14,000 fric-
tion times while still remaining 0%. Then washability is also
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a necessary requirement for realizing actual wearing. The
relative resistance change keeps at 0% even after 30 times
washing (Fig. 3i). The excellent elasticity, stretchability,
resistance changing rate, wearing abrasion, and washability
of SSCY-EKC are exhibited and demonstrated to be further
used in wearable devices.

As demonstrated in Fig. 4, the stability of the SSCY-EKC
is discussed in terms of two-dimensional and three-dimen-
sional deformation. The mechanical properties of SSCY-
EKC textiles in vertical stretching are shown in Fig. 4a.
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Fig.4 Deformations of the SSCY-EKC under two-dimensional
stretching and three-dimensional stretching. a The comparison of
mechanical performances of the SSCY-EKC (TO, T1, T2, and T3),
the inserted photographs are the testing status, and the schematic
illustration of spandex core-spun yarn. b The stretching process of
the longitudinal stretching for SSCY-EKC. ¢ The electrical perfor-
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Comparing these results, adding spandex core-spun fiber
in SSCY-EKC has an increased fracture strength and strain
ability. However, the fracture strengths decrease a little in
terms of textiles added spandex core-spun fiber, and T3 pre-
sents a slight decline. According to the structure of spandex
core spun, the strength of SSCY is mainly derived from the
nylon fiber. When continuously increasing the elasticity,
the holding force between fibers decreases, resulting in a
decline. However, it is also observed that fracture strain with
a larger diameter of spandex fibers can have a high strain
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tion model of the SSCY-EKC. g Resistance changing and height of
T2 under three-dimensional stretching. h The deformation of textile
under three-dimensional stretching
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(257.4%). Figures 4b and S11 exhibit textile deformation
under longitudinal and horizontal stretching. The break is
confined to the polyester textile, not damaging the SSCY-
EKC. The spandex core-spun fibers are initially stretched,
and then loops are deformed under applied force. As shown
in Fig. 4b, the textile is stretched in the longitudinal, but
the width reduces. The effect of elasticity on the resistance
properties of SSCY-EKC (Fig. 4c) have been researched.
The AR/R of TO increases linearly with increase in strain,
while curves of textile-added spandex core spun are the
same for strain below 175%. Over 175%, the rate of change
in resistance of T2 with increasing strain is small, which is
more stable as a circuit application. Hence, performances
of mechanics and electricity of T2 in the latter part of this
manuscript are studied. The stress—strain curve (Fig. 4d)
and relative resistance change (Fig. 4e) of T2 in different
directions of stretching are investigated. It is obvious that
horizontal stressing shows a wider strain range (292.6%)
without noticeable damage, adapting to the larger strain.
Due to horizontal knitting, weft-knitting textile presents a
higher stretchability in the horizontal direction. As shown
in Fig. 4e, the AR/R,, of the vertical is nearly the same as
that of the horizontal under 125%. Over 125%, the AR/R,,
of the vertical is higher than that of the horizontal, which is
affected by the loop structure change. Nevertheless, the hori-
zontal and vertical of textile both demonstrated good stretch-
ability and relative resistance change, which can be used as
a full fiber circuit and strain sensor in future applications.

Following that, three-dimensional tensile strain can simu-
late the real wearing condition, so it is necessary to test it.
The textile is not stretched in only one direction, rather it is
a complex deformation. Figure 4f is a schematic illustration
of textile surface stress and computing formula (R is the
inner diameter of the bursting ring clamp; S is half of the arc
length after the stainless steel ball contacts with the textile;
L is the length of textile when stretching, but not in contact
with the stainless steel ball; D is the height of the ball to
break the textile), which is used to prepare a strain—height
curve. The height gradually increases as the strain increases,
obtaining the maximum height (51.75 mm) under 181%. As
shown in Fig. 4g, the relative change in resistance increases
slowly with increasing strain and then grows rapidly until
the strain rises to 184.9%. Figure 4h illustrates photos of
SSCY-EKC at stretched states.

SSCY-EKC provides a channel to transfer power to
wearable devices to work properly. After receiving an
electrified source, the textile with the pattern “KTC” can
be lighted. Since the textile materials have intrinsic perfor-
mances (such as flexibility and comfort), the brightness of
LEDs is not affected by the textile deformation, even on
bending (Fig. 5a (i)) and folding (Fig. 5a (ii)), as shown in
Fig. 5a. It demonstrated the adaptability and wearability of
SSCY-EKC in smart wearable devices. For the application

of smart wearable, automotive interior, and signal transfer-
ring, the flexible knitted circuit is designed and fabricated
by a flat knitting machine, which is easily integrated with
the ordinary knitted textile. As presented in Fig. 5b, a, flex-
ible knitted circuit with a pattern of “KTC” is seamlessly
embedded in the garment through the intarsia technique and
then connected by loops at the edge of the textile. The knit-
ting process of SSCY-EKC with a “KTC” pattern is shown
in Fig. S12. The captured photographs of SSCY-EKC are
shown in Fig. 5c in different conditions. The lighting circuit
is turned off as obvious in Fig. 5c (i), and then the circuit is
turned on in the light environment (Fig. 5c¢ (ii)) and the dark
environment (Fig. Sc (iii)). It provides a potential applica-
tion as a warning signal for protecting child safety in dark
surroundings. In addition, optical fibers can be lighted up
to serve as interior decoration of a car, as shown in Fig. 5d
to Fig. 5f. The knitting process of SSCY-EKC with opti-
cal fibers is exhibited in Fig. S13. The inserted photograph
of optical-fiber textile is presented in Fig. 5d. The flexible
circuit can be knitted with custom patterns by the flat knit-
ting machine. The photographs reveal the future application
possibility that, even sitting in the car, we can enjoy the
starry sky. As shown in Fig. 5g, the capacity of signal trans-
mission of the purchasing piezo-resistive sensor through
SSCY-EKC has been demonstrated, and the experimental
value almost matches the theoretical value. The resistance
of SSCY-EKC can stay stable, thus retaining the accuracy
of signal transmission. In Fig. 5h, a, textile with SSCY-EKC
is worn on a knee to evaluate its capacity to transfer signals.
SSCY-EKC changes during knee flexion and extension,
inducing force changes and thus variations in the brightness
of LEDs. Moreover, as different weights are placed onto
the piezo-resistive sensor, signals can also be successfully
and accurately transferred from SSCY-EKC, as shown in
Fig. 5i. Herein, by knitting the SSCY-EKC into an apparel
or textile, a full fiber power and signal transmission system
can be constructed, which is important in the innovation of
real smart wearable devices and smart home.

The SSCY with core—shell structure can be used as a
fiber-based triboelectric nanogenerator, further integrated
into the conventional textile for self-powered sensing. Fig-
ure 6 exhibits the working operation and output perfor-
mances under different external conditions as a self-powered
caution carpet. SSCY-TENG is knitted in a plain structure
that is made up of intermeshed loops. The single-electrode
mode is selected as the working operation of SSCY-TENG
(Fig. 6a), with unlimited movement and can be used in dif-
ferent situations. The working mode is depicted in Fig. 6b.
Initially, no electrical potential exists between two con-
tacting materials under fully pressed condition. By press-
ing PTFE onto the textile, the surface of cotton yarn can
obtain the same amount but opposite charges as the PTFE
(Fig. 6b (i)). Referenced on the triboelectric series, PTFE
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Fig.5 Applications of the SSCY-EKC. a The brightness of SSCY-
EKC even under bending (i) and folding (ii) status. b An apparel
with SSCY-EKC for children's safety and protection. ¢ The detailed
photograph of a apparel with SSCY-EKC. (i) Unlit LEDs; (ii) lighted
LEDs in a bright room; (iii) lighted LEDs in a dark room. d—f Opti-

has a negative triboelectric polarity which is easy to obtain
electrons when contacting. As the other contact material,
SSCY has been proven to be positively charged due to cot-
ton’s ability to lose more electrons than PTFE. When PTFE
separates from SSCY textile, negative charges are induced in
the core electrode (Fig. 6b (ii)), producing current flow from
the inner electrode to the ground. As the distance between
two materials increases, electrical equilibrium is achieved
again and there are no moving electrons (Fig. 6b (iii)). When
the PTFE moves toward the SSCY textile again, the cur-
rent inversely flows from the ground to the inner electrode
(Fig. 6b (iv)). Using a linear motor, the electrical outputs
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cal fiber with SSCY-EKC used as the automotive interior and photo-
graphs taken from different angles. g Relationship between the load
and resistance of the SSCY-EKC. h Real-time resistance of the SSCY
for monitoring bending of the knee. i Relative resistance change of
SSCY when the weight changes

can be quantitatively measured through continuous and
periodic contact-separation motions and periodic electri-
cal signals are generated. As illustrated in Fig. 6¢ and Fig.
S14, under the test condition (the frequency is 1 Hz), out-
put performances (open-circuit voltage (Voc), short-circuit
current (Isc), and short-circuit charge quantity (Qsc)) are
characterized and analyzed under varied contacting areas.
The result shows that Voc, Isc, and Qsc have exhibited the
increasing tendency with the increasing of contacting area
increasing. The maximum Voc, Isc, and Qsc for SSCY-
TENG are 7.25 'V, 16.79 nA, and 0.33 nC. Furthermore, the
effect of the external pressure and frequency on the electrical
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SSCY-TENG as a caution carpet. a Schematic image of SSCY-TENG.
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walking process

ied pressures. e Isc of the SSCY-TENG under different frequencies. f
Schematic illustration of a caution carpet application. g Isc of SSCY-
TENG generated by different people under different walking speeds.
h Isc of SSCY-TENG under different statuses. i Photographs of the
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outputs was investigated. As shown in Fig. 6d and Fig. S15,
it is demonstrated that the output performances (Voc, Isc,
and Qsc) increase with increasing pressure from 0.8 kPa to
8 kPa, exhibiting a good linear relationship. As presented in
Fig. 6e and Fig. S16, Isc of SSCY-TENG enhanced gradu-
ally with the frequency increasing from 1 to 5 Hz. Output
performances with varied pressures and different frequencies
can be used as a self-powered sensor for sensing force and
motion frequency. When the applied frequency is 1 Hz, the
peak power density of the SSCY can obtain the maximum
value of 42.6 nW/ cm? at an external resistance of 90 MQ
(Fig. S17). The stability and reliability of Isc is indispensa-
ble for practical applications, as shown in Fig. S18. Such a
continuous contact-separation motion between PTFE and
SSCY textile can generate alternating electrical signals for
self-powered sensing.

SSCY-TENG with good output performances can be used
as a self-powered caution carpet (Fig. 6f), while maintaining
the softness and washability of conventional textile. Every-
one has their own walking habits (including force of landing,
step frequency, etc.); therefore, two parameters may be used
as sensing signals. Furthermore, the electrical outputs of
SSCY-TENG change regularly as the test parameters change
in different forces and frequencies. Either forces or frequen-
cies can be used to recognize different people. So a caution
carpet is designed and used for intelligent protection. As
shown in Fig. 6g and h, different people and movements
with various walking frequencies can be distinguished by
a short-circuit current. Comparing the test results, the Isc
generated by walking on the SSCY-TENG by person A with
a large body weight is larger than that of person B with a
small body weight. In addition, with different moving fre-
quencies, slow walking exhibits much more time between
two peaks than fast walking, such as (i) > (ii), (iii) > (iv) (in
Fig. S19). The whole walking action can be seen in Fig. 6i.
Based on the influence of frequency on the Isc, the result
shows obviously varied output performances under walking,
jogging, and running. The SSCY-TENG carpet presents a
potential application for real-time movement detection, and
human—computer interaction for smart wearable devices and
intelligent protection.

Conclusion

In summary, an SSCY with a core—shell structure composed
of stainless steel wires and cotton yarn is fabricated by the
traditional sirospun technique. Based on the advantages
of high efficiency and mature technique, approximately
240 m SSCY can be made per minute, which accelerates
the marketization of conductive materials and smart wear-
able devices. To optimize the bare-core length and strength,
parameters of SSCY designed in 0.05 mm core yarn,
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drawing multiple (17.28) and twist (400), is selected as the
conductive yarn to fabricate the SSCY-EKC. Then, SSCY is
easily embedded into the knitted textile by the intarsia tech-
nique, and a highly SSCY-EKC is prepared and systemati-
cally researched. Adding spandex core-spun yarn enhances
the stretchability of SSCY-EKC, while maintaining a sta-
ble resistance change. This SSCY can not only be used for
power transmission (such as a warning garment, automotive
interior), but also as a self-powered caution carpet for move-
ment detection. This work provides an industrial production
of novel conductive yarn with high stretchability, comfort-
ability, washability, and abrasion resistance, which have a
great progress and innovation in full flexible sensing system.
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