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Abstract

Flexible and wearable energy harvesting devices and multifunctional sensors

have been widely reported, but challenges in the large-scale manufacturing

process still exist. This work reports a large-scale fabrication method of core-

shell triboelectric braided fibers that exhibit stable structure and strong tensile

strength, which can be further integrated into power textiles with different fab-

ric structures, such as weaving and knitting, with the purpose of biomechani-

cal energy harvesting or plantar pressure monitoring. The triboelectric braided

fibers integrating on the knitting power textiles exhibit good pressure sensitiv-

ity and fatigue resistance, which is combined with traditional socks to measure

the pressure distribution of the plantar in different positions. The weaving

power textiles exhibit high electrical output, which can be used for biomechan-

ical energy harvesting and can easily light up 116 commercial LEDs. This

large-scale preparation approach provides more possibilities for power textiles

applications in self-powered wearable electronics and human–computer

interfacing.
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1 | INTRODUCTION

With the advancement of society, smart wearable elec-
tronic devices become more and more popular because of
their powerful functions and smart security.1,2 Textiles
are soft, comfortable, and breathable, providing more
possibilities for the application of flexible wearable elec-
tronic devices.3–5 Electronic textiles (e-textiles) have
attracted great attention in academic circles.6,7 As a flexi-
ble wearable electronic device, it can be integrated on
various fabric substrates for health monitoring,8 smart
home care,9 medical diagnosis,10 and human motion
detection.11,12 However, wearable electronic devices often
require external power sources and frequent charging to
keep them running, which is not conducive to a wide range
of applications.13,14 Triboelectric nanogenerator (TENG) is
a technology that uses the coupling effect of triboelectric
and electrostatic induction to convert mechanical energy
into electrical energy15,16 Textile TENG combines TENG
with traditional clothing textile technology, which provides
an alternative strategy for the power source of traditional
flexible wearable electronic devices.17–19 It can be used for
energy harvesting, such as mechanical,20 wind,21 water
drop,22 and so forth. Meanwhile, textile TENGs also exhibit
many advantages, such as diverse material options.23 envi-
ronmental friendliness,24 low cost,25 and so on.

In addition, textile TENGs can also be used as flexible
sensors for human motion monitoring (walking, running,
etc.),26,27 respiratory monitoring,28 sleeping monitoring,29

and so on. Although textile TENGs have been widely used
in the field of flexible sensing, it ignores the key issue of
smart fabrics preparation process, which makes it limited
in scale preparation and application to different degrees.30

For example, most triboelectric fibers are usually prepared
by coating a dielectric material on a conductive mate-
rial.31,32 The preparation process is complicated, costly, long
preparation time, and inhomogeneous.33,34 By directly coat-
ing conductive materials on the surface of traditional cloth-
ing, the air permeability and comfort of the smart fabrics
will be reduced.35 Moreover, as the washing time increases,
the substance coated on the surface will gradually fall off.31

All these problems seriously restrict the application of tex-
tile TENGs in wearable flexible devices. To solve these
problems, several scholars have studied them and reported
methods to prepare fiber-shaped TENGs on a large scale
(e.g., infusing conductive materials into hollow dielectric
materials, or using weaving and winding).19,26,27,34,36 How-
ever, the prepared fibers do not meet the requirements of
industrial textiles due to strength or process problems, or
use vertical contact–separation mode, which limits the
scope of application.

Here, we reported a large-scale method to fabricate
core-shell triboelectric braided fibers. The triboelectric

braided fibers with uniform thickness and continuous
length were prepared by braiding poly (vinylidene fluo-
ride) (PVDF) yarns around silver-coated nylon yarns. The
core-shell triboelectric braided fibers can be further
expanded to power textiles based on different fabric for-
ming techniques, such as weaving and knitting, to realize
energy harvesting and self-powered sensing functions.
The weaving power textiles with good stability, washabil-
ity, and high output power density (1008 μW/m2) can be
used for energy harvesting. In addition, the knitting
power textiles with high tensile strength and pressure
sensitivity can be used to detect plantar pressure mapping
under different postures of the human body, which
shows the huge application potential of smart wearable
devices in human motion.

2 | RESULTS AND DISCUSSION

The industrial manufacturing of fiber-shaped TENGs was
one of the key problems for the extensive development of
textile TENGs. To overcome the shortcomings of complex
preparation process and inability to continuous produc-
tion, it is necessary to select materials and optimize
preparation process. Industrial PVDF yarn with stable
performance and good abrasion resistance was selected
as the dielectric material. Commercial silver-coated nylon
yarn with low cost, easy to access, and scalable industrial
production was used as the electrode. The core-shell tri-
boelectric braided fibers are prepared by a high-speed
rope braiding machine, as shown in Figure 1A. When the
high-speed braiding machine works, as the disc rotates
the PVDF yarns are divided into two groups, clockwise
and counterclockwise, and cross-braided on the central
conductive yarn. Figure S1A shows the action trajectory
of the shell yarn (PVDF yarn) during the operation of the
high-speed braiding machine. The structure of the core-
shell triboelectric braided fibers is shown in Figure 1B.
By cross-winding, the PVDF yarns can be wound more
densely and uniformly on top of the central silver-plated
nylon yarn. With the help of the top winding device, tri-
boelectric braided fibers are wound continuously on the
drum without length limitation, as shown in Figure 1C.
Photograph of PVDF-Ag yarn of about 3 m in length, as
shown in Figure S2. Figures 1D,E shows the cross-
sectional scanning electron microscopy (SEM) image and
the surface morphology SEM image of the triboelectric
braided fibers consisting of eight axially wound yarns and
one conductive yarn, respectively. The cross-sectional
SEM image shows the silver-plated nylon yarn inside the
circle marked by the red dashed line and the braided
PVDF yarn outside, and the surface morphology SEM
image shows that the PVDF yarn is wrapped very
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uniformly and densely, indicating that the core yarn is
fully covered by the shell yarn. Figure S1B,C show the
smooth surface of PVDF yarn and silver-plated nylon
yarn, proving that the high-speed rope braiding machine
does not damage the yarn surface. This method enables
efficient and continuous preparation of regular triboelec-
tric braided fibers.

To further investigate the performance of the core-
shell triboelectric braided fibers, triboelectric braided
fibers with different strands of silver-plated nylon yarn
and PVDF yarn are prepared, as shown in Figure S3.
When the number of PVDF yarn strands is four or six,
the conductive yarn cannot be completely covered by the
PVDF yarn, resulting in partial charge leakage and low
electrical output. When the PVDF yarn is eight strands,
with the increase of the number of central conductive

yarn, the PVDF yarn wrapping effect is getting worse
(only one strand of conductive yarn wrapping is better),
as shown in Figure S4A. When the number of PVDF
yarns is increased to 10 or 12 strands, the non-uniformity
of the shell surface and the inability of the conductive
yarn to be tightly wrapped leads to a decrease in electrical
output performance, as shown in Figures S4B,C and S5.
The diameters of triboelectric braided fibers with differ-
ent strand numbers are also investigated. The results
show that the diameter (Figure 1F) and cross-sectional
area (Figure S6A) of the triboelectric braided fibers
increase with the increase of the number of winding
yarns. This indicates that PVDF yarns are tightly wound
with silver-plated nylon yarns. The electrical output per-
formance of the triboelectric braided fibers is further
investigated by testing the open-circuit voltage (VOC),

FIGURE 1 Structure design and performance analysis of the core-shell triboelectric braided fibers. (A) Schematic diagram of high-speed

rope braiding machine. (B) Structural diagram of the core-shell triboelectric braided fibers. (C) Photograph of the core-shell triboelectric

braided fibers. (D) Cross-sectional scanning electron microscopy (SEM) image of the core-shell triboelectric braided fibers. (E) Surface

morphology SEM image of the core-shell triboelectric braided fibers. (F) The diameter of the core-shell triboelectric braided fibers under

different numbers of winding yarns and number of conductive yarns. (G) Open-circuit voltages (VOC) of the core-shell triboelectric braided

fibers under different numbers of winding yarns and number of conductive yarns. (H) VOC of the core-shell triboelectric braided fibers with

eight axial winding yarns and one conductive yarn under different lengths
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short-circuit current (ISC) and short-circuit charge trans-
fer (QSC) of the triboelectric braided fibers at different
strand counts of PVDF yarns and silver-plated nylon
yarns, as shown in Figure 1G, Figure S6B,C, respectively.
The results show that the core-shell triboelectric braided
fibers with eight axial winding yarns and one conductive
yarn has the highest electrical output. Therefore, this

kind of core-shell triboelectric braided fibers with the
diameter of 0.63 mm (Figure 1F) for fabricating power
textiles. To better understand the mechanical properties
of this core-shell triboelectric braided fibers, the stress–
strain curves are tested as shown in Figure S7A, which
has a strong tensile strength (158 MPa) but a low elonga-
tion at break (145%). The VOC (Figures 1H and S8A),

FIGURE 2 Structural characteristic, operational principle, and output performance of the core-shell triboelectric braided fibers

integrating on weaving and knitting power textiles. (A) Schematic illustration of different structures power textiles on clothing. It includes

the structure of the core-shell triboelectric braided fibers, the weaving textiles, and the knitting power textiles. (B) Schematic diagram of

operation principle of power textiles in contact-separation mode. (C) The electrical potential distribution is simulated by COMSOL software.

(D) VOC, (E) ISC, and (F) QSC of the weaving power textiles under different loading frequencies (1–3 Hz). (G) VOC, (H) ISC, and (I) QSC of the

knitting power textiles under different loading frequencies (1–3 Hz)
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ISC (Figures S7B, S8B), and QSC (Figures S7C, S8C) of
this triboelectric braided fibers at different lengths show
that the electrical output increases with the increase of
length (Supporting Note 1). It indicates that the triboelec-
tric braided fibers can be applied to textile technology to
manufacture large areas for energy harvesting and
sensing.

The core-shell triboelectric braided fibers can be fur-
ther integrated into power textiles with different fabric
structures for biomechanical energy harvesting and self-
powered sensing. Figure 2A shows the schematic dia-
gram of the developed power textiles with different struc-
tures, which includes the weaving and the knitting
power textiles. Weaving power textiles are made of inter-
woven warp and weft yarns while knitting power textiles
are made of alternating loops. The operating principle of
the core-shell triboelectric braided fibers and power tex-
tiles is briefly demonstrated in Figure 2B. It is a single-
electrode working mode that involves the conjunction of
contact electrification and electrostatic induction.15 In
the original state, when the free-moving object (material
chosen opposite to the PVDF friction electrode, such as
PMMA, skin, etc.) contacts the PVDF surface, the two
contact surfaces will generate equivalent positive and
negative electrostatic charges due to opposite polarities
(Figure 2B, I).23 As the two surfaces move away from
each other, the potential of the electrode layer will rise,
driving the flow of electrons to the ground and thus gen-
erating a current (Figure 2B, II). When the gap between
the two electrically charged surfaces is large enough, a
new equilibrium state will be established and electrons
will stop moving (Figure 2B, III). When the free-moving
object approaches to PVDF again, electrons flow from the
ground to the electrode layer to achieve charge balance
(Figure 2B, IV). When the free-moving object is in full
contact with the PVDF again, the two surfaces are in
equilibrium again. Almost no electrical output is
observed at this time. This is the entire working cycle of
the triboelectric braided fibers and its derived power tex-
tiles. To support the proposed mechanism of the electric-
ity generating process, the electric potential between the
PMMA film and the PVDF is simulated by using the
COMSOL software (Figure 2C).

To characterize the output performance of the weav-
ing and knitting power textiles, a measurement platform
was established, as shown in Figure S9. The power tex-
tiles with an area of 40 � 45 mm2 were fixed on an
acrylic plate, another acrylic plate was attached to the
vibrating surface of the linear motor. When the linear
motor was working, the acrylic plate will contact the
power textiles regularly. VOC, ISC and QSC were measured
in the frequency range of 1–3 Hz for weaving and knit-
ting power textiles. The electrical output of the weaving

power textiles is VOC of 26 V, QSC of 8.5 nC and ISC
(3 Hz) of 129 nA as shown in Figure 2D–F. The electrical
output of the knitting power textiles is 14.6 V for VOC,
4.9 nC for QSC, and 80.7 nA for ISC (3 Hz) as shown in
Figure 2G–I. The results show that the VOC and QSC of
power textiles are stable with increasing impact fre-
quency, and the ISC increases with increasing impact fre-
quency. The electrical output of the weaving power
textiles is higher than those of knitting power textiles,
which is due to that the contact area of the weaving
power textiles being larger than that of the knitting
power textiles under the same conditions. Therefore, the
weaving power textiles can be used for energy harvesting.
In addition, the knitting power textiles have excellent
stretchability due to its alternating coil structure and can
be used as a fabric sensor. In the following, the energy
harvesting performance of weaving power textiles and
the self-powered sensing performance of knitting power
textiles are discussed separately.

To further explore the energy harvesting performance
of the weaving power textiles, its electrical output perfor-
mance was tested (Figure S10A). Figure 3A shows the
variation of current and power density of the weaving
power textiles with different external load resistance. The
output power density is measured by externally con-
necting different loads from 10 kΩ to 50 GΩ under the
frequency of 1 Hz. When the loading resistance is below
1 GΩ, there is no significant change in the output cur-
rent. The output current decreases when the load resis-
tance increases from 1 to 50 GΩ. At a load resistance of
3 GΩ, the maximum output power density is 1008 μW/
m2 (Figure 3A). In addition, as shown in Figure 3B, the
stability of the weaving power textiles is tested by contin-
uously tapping it about 6000 cycles with a stable VOC

around 24 V. The insets exhibit the detailed VOC for the
early 10 cycles and the last 10 cycles, respectively. It
shows that the weaving power textiles have well stability.
The electricity generated from the weaving power textiles
can be further stored in commercial capacitors. The alter-
nating current (AC) output of the weaving power textiles
can be converted to direct current (DC) output through
the bridge circuit. The charging process of the weaving
power textiles for different capacitors (0.33, 0.47, 1, 2.2,
4.7, 6.8, and 220 μF) is shown in Figure 3C. The char-
ging rate decreases with increasing capacitance. Wash-
ability is very important for the long-term reuse of power
textiles. In this study, the domestic washing environ-
ment is developed using a magnetic stirrer, as shown in
Figure S10B. The weaving power textiles are stirred in a
beaker with a magnetic stirrer with water for 20 min at a
time. To test the washability of the weaving power tex-
tiles, we tested the output voltage under 15 washes, as
shown in Figure 3D. It can be found that only a slight
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decrease in the output voltage is observed throughout the
washing tests. This means that weaving power textiles is
the potential for a wide range of applications in everyday
life as far as good washability is concerned. The core-
shell triboelectric braided fibers and common yarns are
used to make large-area energy harvesting weaving
power textiles in small braiding tools (Figure 3E).
Figure 3F shows a partial enlargement of the weaving
power textiles, which consists of two parts: common yarn
warp yarns and the core-shell triboelectric braided fibers

weft yarns. As shown in Figure S10C, the weaving power
textiles can sustain various kinds of complex mechanical
deformations, including folding and crimping. Figure 3G
shows that the weaving power textiles can power up
116 LEDs (Movie S1). These demonstrations show that
the energy harvesting by the weaving power textiles can
not only be stored in energy storage devices but can also
be used to drive wearable devices.

The pressure-sensitive properties of knitting power
textiles were investigated by relating the electrical output

FIGURE 3 Energy harvesting performance of the weaving power textiles. (A) The variation of current and power density of the weaving

power textiles with different external load resistance. (B) The stability test of the weaving power textiles. The insets exhibit the VOC of the

early 10 cycles and the last 10 cycles. (C) Charging curves of weaving power textiles under different capacitance capacities. (D) The VOC of

the weaving power textiles at different washing times. The insets show the VOC of the unwashed, the sixth washed and the 15th washed,

respectively. (E) Photographs of large-area weaving power textiles. (F) The partially enlarged view of the weaving power textiles, which

shows its two components including common yarn warp yarn and PVDF-Ag yarn weft yarn. (G) Photograph showing the weaving power

textiles powering 116 LEDs in series
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of the fabric to the applied pressure. As shown in
Figure 4A, VOC increases with increasing applied pres-
sure. The maximum VOC generated by the knitting power
textiles is 11 V at 144 Pa under tapping force. When the
applied pressure approaches 19 kPa, the VOC is 18.5 V. As
shown in Figure 4B, the output voltage signal is uniform
and repeatable when the applied pressure is constant. At
a smaller loading force, the knitted stitches (Figure S11)
do not make sufficient contact with each other and the
output is smaller. As the loading force increases, the con-
tact area between the knitted stitches increases, thus
increasing the electrical output of the knitting power tex-
tiles. Figure 4A divides the curve into two pressure
regions. In the low-pressure areas (0–3.7 kPa), the pres-
sure sensitivity of knitting structure power textiles is
0.84 V kPa�1. In the high-pressure areas (>3.7 kPa), the
pressure sensitivity is 0.27 V kPa�1. This phenomenon is

because the increment of real contact area in response to
pressure in low-pressure areas is much larger than that
in high-pressure areas. Therefore, the knitting power tex-
tiles exhibit a more sensitive response in the low-pressure
region (<3.7 kPa). The electrical output with pressure
change for weaving power textiles (Figure S12), and the
comparison revealed that the sensing characteristics of
knitting power textiles are better in the high pressure
region. In addition, the alternating loop structure of the
knitting power textiles can also exhibit various complex
mechanical deformations as shown in Figure 4C.
Figure 4C (I–IV) shows the original state, the crimping
state, the XY direction stretching state and the X direc-
tion stretching state of the knitting power textiles, respec-
tively. To investigate the tensile fatigue of the knitting
power textiles, stress–strain cyclic curves are tested as
shown in Figure 4D. The results show that the knitting

FIGURE 4 Sensing features and demonstration of the knitting power textiles. (A) The output voltage of the knitting power textiles as a

function of loading pressure variations. (B) The output voltage of the knitting power textiles under different pressures. (C) Photographs of

the knitting power textiles under various mechanical deformations, including stretching and crimping. (D) Stress–strain curves of the

knitting power textiles being stretched and released for 50 cycles. (E) The peak value of voltage of knitting power textiles under different

heights of the heel, including 1.5, 4, and 6 cm. The insets are schematics of the knitting power textiles on the sock
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power textiles exhibit well fatigue resistance after 50
stretching cycles. The knitting power textiles have good
flexibility. The knitting power textiles were stretched to dif-
ferent degrees, and the relationship of electrical output with
pressure variation and the stability of stretch sensitivity
were tested. As shown in Figure S13, the results show
that the sensing stability of the knitting power textiles is
good. A self-powered human motion detector has been
developed based on the excellent flexibility and sensitivity
of knitting power textiles. The knitting power textiles are
sewn onto the heel of a sock because the heel maximizes
contact with the ground as shown in Figure S14. As shown
in Figure 4E, the periodic contact interval between the
heel and the ground generates periodic electrical signals
when the human body moves. As the heel rises to different
heights and then descends, the pressure on knitting power

textiles increases with height and the peak output voltage
increases. According to these electrical signals, we can
understand the movement behaviors of the human body
and record the number of steps. The above studies show
that knitting power textiles can be used for human move-
ment monitoring and have potential applications in the
field of exercise and health.

Plantar pressure distribution is widely recognized in
human disease diagnosis, biomechanics, and gait analy-
sis.37 For example, the diagnosis of plantar pressure can
predict diabetic foot ulcers38 and predict diseases affect-
ing the foot and ankle.39 Here, we developed a smart sock
that combines knitting power textiles with conventional
socks to produce a smart sock that can be used to detect
the distribution of plantar pressure. Figure 5A shows the
plantar pressure mapping system. The whole plantar

FIGURE 5 A plantar pressure mapping system for different poses. (A) Schematic plantar pressure mapping system. (B) Voltage output

signals of the six typical poses. (C) Plantar pressure mapping distributions were recorded for six typical poses
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pressure mapping system is composed of three main
parts: intelligent socks, signal processing circuit and
computer-based on Labview program. As shown in
Figure S15A, the smart sock integrates 16 knitting power
textiles, each knitting power textile as an independent
one sensing sensor unit (area of 20 � 25 mm2), and as
mutually independent channels from each other. The
16 sensing sensor units are defined as corresponding
numbers and are located in the corresponding locations
of the forefoot (1 and 9), metatarsals (2, 3, 10, and 11),
midfoot (4–7 and 12–15) and heel (8 and 16) areas.
Figure S15B shows the physical diagram of the smart
sock. When a person puts on smart socks and stands, the
output different voltages due to different pressures
applied of the sensor at the bottom of the sock. The volt-
age signals will be converted into digital signals through
the analog-to-digital (A/D) converter, which in turn will
trigger the multi-control unit. After signal conversion
processing, the real-time results of plantar pressure can
be displayed in the designed program. As expected, in the
standing posture, the pressures on both feet are equal,
with the lowest pressure in the arch region (sensors
4 and 13) and an even distribution of pressure in the
remaining positions. The output voltage values and plan-
tar pressure mapping of the 16 single sensing sensor units
at the bottom of the sock in the standing posture are
shown in Figure 5B (I) and Figure 5C (I), respectively
(Movie S2).

In addition, the volunteers practiced eight different
yoga postures, standing on one foot, stand-on-toe, squat,
forward lunge, side lunge, step, turn and twist. The
results suggest several characteristic patterns of the plan-
tar pressure distribution along with the changes in yoga
postures. When standing on one left foot, the left foot
bears most of the weight of the body, and the plantar
pressure value is much higher than that of the right foot.
For the standing-on-toes position, plantar pressure is con-
centrated in the forefoot area (sensors 1 and 9), with
decreased plantar pressure in the metatarsal, mid-foot
and heel regions. In the squat posture, the pressure distri-
bution of both feet is uniform, the pressure value of the
outside of both feet decreases, and the pressure value of
the inside of both feet increases. In the forward lunge
posture, the body's center of gravity moves forward and
the pressure on the right foot increases, with the greatest
pressure on the front of the right foot. At this time, the
front of the left foot is in contact with the ground but
with less pressure, and the rest of the left foot is not in
contact with the ground. In the side lunge posture, shift
your weight to the left and increase pressure on your left
foot. The pressure on the right foot decreases, the pres-
sure on the front of the right foot changes little, the pres-
sure on the heel and arch area is the lowest. The output

voltage values and plantar pressure mapping of the five
postures as shown in Figure 5B (II–VI) and Figure 5C
(II–VI), respectively (Movie S2). Three other postures:
step, turn and twist. Their output voltage values and
plantar pressures are shown in Figure S15C (I–III) and D
(I–III), respectively. In the step position, when the right
foot is raised, the center of gravity shifts to the left foot.
At this time, the plantar pressure value of the left foot is
much higher than that of the right foot. Alternating feet,
the center of gravity also alternates. For the turn posture,
the pressure on the outside of the feet changes with the
turning posture. When twisting the posture, the center of
gravity changes in a circle with the body twisting the
waist, and the plantar pressure also changes in a circle
with the center of gravity. The pressure on the bottom of
the foot in all three positions also varies with the posture.
In conclusion, smart socks are sensitive and can easily
detect the mapping of the foot pressure in different pos-
tures of the body, providing interesting application sce-
narios in wearable smart sports.

3 | CONCLUSION

In summary, the preparation method of the core-shell tribo-
electric braided fibers is simple, continuous, homogeneous
and suitable for large-scale industrial production. The core-
shell triboelectric braided fibers are fabricated with eight
axially wound yarns (PVDF yarn) as the shell and one con-
ductive yarn (silver-plated nylon yarn) as the core. More-
over, the core-shell triboelectric braided fibers are further
prepared to power textiles with weaving and knitting struc-
tures that are washable, deformable, breathable, and com-
fortable. The weaving power textiles exhibit high electrical
output (VOC is 26 V, QSC is 8.5 nC and ISC is 129 nA
(3 Hz)), which can light up about 116 LEDs. The knitting
power textiles exhibit stable tensile strength (approximately
50 stretch cycles), mechanical deformations, and high sensi-
tivity. In addition, smart socks with the knitting power tex-
tiles as the sensing units are used for plantar pressure
mapping of different human body postures, which show
broad prospects in wearable smart textiles.

3.1 | Experimental section

3.1.1 | Materials

The commercial silver-coated nylon yarn was used for
the conductive material, the nontoxic, harmless, stable
performance and not easy to wear PVDF yarn were
selected as the dielectric material. Socks are commercial
cotton socks.
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3.1.2 | The fabrication of the core-shell
triboelectric braided fibers

Commercial silver-plated nylon yarn and commercial
PVDF yarn were chosen as the conductive material and
the dielectric material, respectively. The core-shell tribo-
electric braided fibers were fabricated by braiding on a
high-speed rope braiding machine (Figure 1A). The cen-
tral conductive yarn was wound on a fixed bobbin and
fed through a tension device. The PVDF yarn was wound
on the bobbin and secured to the outside yarn disc. When
working, the outer yarn disc is divided into counterclock-
wise rotation and clockwise rotation. In the working pro-
cess, the reciprocating movement from one disk to
another was beneficial to the PVDF yarns winding on the
conductive yarn to form the core-shell triboelectric
braided fibers. The continuous supply of yarn was
achieved by the rotation of the spool on the spindles. The
number of spindles for winding the yarn depends on the
number of feeding spindles. The number of conductive
yarns were selected 1, 2, 3, and 4 strands, respectively.
The number of winding yarns (PVDF) were selected in
4, 6, 8, 10, and 12 strands, respectively. The optical
images of the core-shell triboelectric braided fibers were
shown in Figure S3.

3.1.3 | Fabrication of weaving and knitting
power textiles

In this work, the core-shell triboelectric braided fibers
were used to fabricate power textiles with two struc-
tures: weaving and knitting, respectively. Although
two structures were made by hand, the manufactur-
ing technique was matured in the textile field and
suitable for large-scale industrial production. The spe-
cific production method of weaving power textiles
was as follows: First, selected common yarns and the
core-shell triboelectric braided fibers as the warp
yarns and weft yarns of structure weaving power tex-
tiles, respectively. The weft yarns were interwoven
with the warp yarns to fabricate the weaving power
textiles (Figure 2A). The air permeability could be
adjusted by changing the density of the warp and
weft during the weaving process. The knitting power
textiles were mainly weft-knitting double-reverse tex-
ture (Figure 2A). It consists of front knitted loops and
back knitted loops of loops alternating with each
other in the horizontal (course) or vertical (wale).
The knitting power textiles were relatively thick and
exhibited vertical and horizontal elasticity.

3.1.4 | Washing test

Added tap water and magnetic stirring rod into the bea-
ker, put into power textiles directly into the beaker with-
out any packing. Place the fabricated beaker on a
magnetic mixer to mimic the roller rotation of the house-
hold washing machine. The spinning speed of the mag-
netic agitator was set at 600 rpm, the whole washing
process lasted for 20 min. The power textiles were then
rapidly dried in an oven at 60�C. This work has been
washed 15 times.

3.1.5 | Characterization and measurement

To characterize the electrical output performances of the
core-shell triboelectric braided fibers and weaving and
knitting power textiles, we use a linear motor to provide
periodic contact–separation motion. The contact area is
chosen as 50 mm and 40 � 45 mm2, respectively, the tap-
ping force is applied as 10 N, and the maximum move-
ment distance is set as 20 mm. The surface morphology
of the silver-coated nylon yarns, PVDF yarn and the
core-shell triboelectric braided fibers, respectively and
the cross-sectional of the core-shell triboelectric braided
fibers were characterized by field emission scanning elec-
tron microscope (Nova Nano SEM 450). For the mea-
surement of the electrical output capability of the
weaving and knitting power textiles, external forces were
applied by a commercial linear mechanical motor. The
VOC, ISC, and QSC were measured by a Keithley 6514
electrometer.
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