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ABSTRACT: The rapid advancement of flexible and stretchable electronics has
attracted intensive attention in recent decades. However, challenges still remain in
developing wearable and sustainable power sources with comparable portability and
stretchability. Here, a novel type of stretchable fiber-shaped triboelectric nanogenerator
(AXF-TENG) was fabricated by inserting a negative Poisson-ratio auxetic fiber into a
positive Poisson-ratio hollow circular sleeve, forming a synergistic structured TENG
composed of opposite Poisson's ratios. Owing to the advanced structural designs, the
inner auxetic fiber would expand in all directions to more effectively contact with the
shrunk outer steel wire sleeve under stretching. The peak-to-peak voltage and transfer
charge of composite based AXF-TENG could reach up to 42 V and 12.5 nC,
respectively. The fabricated AXF-TENG can be used as a self- powered
multifunctional sensor to detect human motions and be woven into an energy-

harvesting fabric to scavenge biomechanical energy. With open-circuit voltage of 46 V
and maximum instantaneous power density of 52.36 mW/m?, the AXF-TENG fabric
was capable of lighting up 20 light emitting diodes (LEDs), charging commercial
capacitors, powering an electronic watch and a calculator. All of these merits of the
proposed AXF-TENGs suggest their promising potentials for versatile applications in

biomechanical energy harvesting and self-powered sensing.
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1. Introduction

In recent years, with the rapid advancements in flexible and wearable electronic
devices such as intelligent glasses, smart watches, artificial electronic skins[1],
healthcare monitoring sensors[2] and so forth, the urgent demands for flexible,
stretchable, and sustainable power sources have been attracting intensive interest[3].
Nevertheless, traditional power sources like conventional batteries and capacitors are
becoming more unfavorable to meet the energy requirements of these wearable
electronics, due to their rigid framework, heavy weight, large volume, limited capacity
and lifetime, and lack of flexibility[4—6]. To address this issue, energy harvesting
technologies, which can scavenge renewable and sustainable energy from ambient
environment or human motions based on piezoelectric[7], triboelectric[8,9],
photovoltaic[10], or thermoelectric effects[11], have been developed as fundamental
and effective approaches to solve the sustainable power supply challenge[12]. Among
the various energy harvesting technologies, the emerging triboelectric nanogenerator
(TENG), which can effectively convert various types of mechanical energy into
electricity based on coupling effects of triboelectrification and electrostatic induction,
is one of the most promising alternatives for powering wearable devices owing to its
advantages of high output performance, low cost, simple fabrication, versatile structural
designs, wide choices of materials and environment-friendly features[13,14]. Moreover,
distinguished from photovoltaic and thermoelectric energy harvesting strategies,
triboelectric energy harvesting is nearly independent of weather and environment[15].

Hence, extensive efforts have been made to fabricate TENGs for the promising



applications in self-powered active sensors[ 16—18], sustainable energy sources[19] and
wearable multifunctional intelligent systems[20,21].

To date, most TENGs appear in planar or thin-film structures with limited flexibility,
stretchability and comfortability, which are difficult for integration with clothing and
adaption to large deformation of human motion in diverse directions[22—24]. To this
end, stretchable one-dimensional TENGs that have conspicuous advantages of
compactness, lightweight, good flexibility, high deformability and wearing comfort are
highly desired[25-28]. In particular, they are promising to be easily integrated with
other electronics and woven into fabrics[29-35]. Recently, several efforts have been
made to prepare stretchable fiber-shaped TENGs with different configuration designs
such as two-fiber-twisted structure[30,36], coaxial structure[37-39], helical-
structure[40], and so on. Among them, stretchable nanogenerators with coaxial core-
shell fiber structures were demonstrated to be more favorable candidates owing to their
exceptional structure stability under various deformations and better output
performance[41]. The key working principle of these coaxial core-shell fiber-shaped
TENGs is based on the reversable distance change induced by the reversable distance
change between the core fiber and the shell during tensile deformation[39,42]. However,
in previous studies, although various approaches have been taken to optimize the
materials selection and structure design, almost all core fibers and shell used were still
conventional materials without synergistic and opposite Poisson's ratios, which

inherently limited the energy harvesting performance and sensitivity of mechanical



deformation due to the ineffective contact between triboelectric materials induced by
the small Poisson's ratio difference between the core fiber and the shell[43].

Herein, a novel type of stretchable fiber-shaped triboelectric nanogenerator with a
unique core-shell coaxial architecture for biomechanical energy harvesting and human
motion sensing was designed and fabricated, in which a brand-new negative Poisson-
ratio auxetic core fiber was axially inserted into a commercial hollow circular sleeve
with positive Poisson's ratio, forming a synergistic structured TENG composed of
opposite Poisson's ratios. The developed auxetic core fiber, which would expand in all
directions under stretching, was rationally designed by selecting a helical-structure
stainless steel yarn as the stretchable electrode and employing polydimethylsiloxane
(PDMS) to cover the spiral stainless-steel yarns (SSY's) as the active triboelectric layer.
Owing to the built-in auxetic and core-shell conjugate structure design, contact and
separation between the triboelectric materials become more effective, which
contributes to more effective biomechanical energy harvesting from various
deformation. To further enhance the output performance, barium titanate (BaTiO3)
nanoparticles and graphene were mixed into PDMS to largely improve the dielectric
property for generating more charges. The prepared AXF-TENG was flexible,
stretchable, stable and sensitive to versatile external mechanical stimuli such as
stretching, compressing, and bending. To demonstrate its superior performance, a
single AXF-TENG was used as a self- powered multifunctional sensor to detect joint-
bending motions and integrated in a self- powered gesture- recognizing glove to detect

finger motion states. Furthermore, AXF-TENGs were woven into an energy-



harvesting fabric to evaluate their capability of scavenging various types of energy from
human motion for light up light emitting diodes (LEDs), charging commercial
capacitors, powering electronic watch and scientific calculator. This work indicates the
proposed AXF-TENGs hold promising potentials for versatile applications in

biomechanical energy harvesting and self-powered human motion sensing.

2. Experimental Section
2.1 Materials

The silicone elastomer base and related curing agent for Polydimethylsiloxane
(PDMS, SYLGARD® 184) were bought from Dow Chemical Company (USA).
Stainless steel yarns (SSYs, Bekinox AISI 316L) were purchased from Bekaert
(Belgium). Barium Titanate nanoparticles (BaTiOs, cubic crystalline phase, < 100 nm
particle size) was supplied by Aladdin (China). n-Hexane (95%, HPLC) was purchased
from Sigma-Aldrich (USA), and graphene powder (diameter: 0.5 ~ 5 um; thickness: ~
0.8 nm; purity: ~ 99%) was purchased from Nanjing XFNANO Materials Tech Co.,
Ltd (China). Transparent PVC tube (inner diameter of 2 mm) was obtained from
Shenzhen Woer Heat-shrinkable Material Co., LTD (China). Stainless steel tubular
braided sleeves (diameter of 2 mm) were bought from Dongguan Changsheng Electric
Technology Co., Ltd (China). All the materials were used as received without further
purification.

2.2 Fabrication of the AXF-TENG



The fabrication processes for the coaxial core-shell AXF-TENG are illustrated in
Figure 1. Firstly, silicone elastomer base and curing agent was mixed homogeneously
by mechanical stirring for 30 min with a weight ratio of 10: 1 to prepare the PDMS
mixture solution. Then, the mixture solution was placed in a vacuum oven at room
temperature for 20 min to remove the bubbles. Afterward, stainless steel yarns (SSYs)
were inserted into 10 cm PV C tubes with different pre-stretched strains (10%, 20%, 30%
40% and 50%) respectively (Figure 1a). Subsequently, both ends of each tube were
capped with PDMS (Figure 1b) and pre-strains were released to construct inner helical-
structured SSY's with different pitches (Figure 1¢). Hereafter, PDMS mixture solution
was drawn into a 10 mL plastic syringe and injected into the helical-structured SSY's-
filled tubes (Figure 1d). After curing at 70 °C for 30 min in an oven, the PVC tubes
were carefully peeled off by scissors (Figure 1e) to obtain PDMS-SSY fibers (Figure
11). Following this, the prepared PDMS-SSY fibers were inserted into commercially
hollow stainless steel braided sleeves (Figure 1g) and the two ends of these sleeves
were encapsulated by the adhesive tapes (Figure 1h). According to the above operation
procedures, AXF-TENGs with a core-shell coaxially structure was prepared.

To enhance the output performance, AXF-TENGs with BT-PDMS, Graphene-BT-
PDMS composites were also prepared. Firstly, BT nanoparticles and graphene were
dispersed in PDMS elastomer base at different BT mass ratios (10, 20, 30, 40, 50, 60,
70 wt.%) and different graphene mass ratios (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8
wt.%), respectively. Secondly, the BT/PDMS composite mixture with 20 mL n-Hexane

was magnetically stirred until the n-Hexane solvent totally volatilized. Afterward,



curing agent was added followed by stirring for another 30 min. Other procedures and
conditions remain the same.
2.3 Characterization and Measurements

Photographs were taken with a digital camera (Nikon D5600). A scanning electron
microscope (TESCAN VEGA3) operating at 20 kV was employed to investigate the
morphology of AXF-TENG. An optical microscope (Olympus BX41) was used to
observe the lateral expanding behavior of the auxetic PDMS-SSY fibers before and
after stretching. To assess the auxetic behavior of different PDMS-SSY fibers, tensile
measurements were performed on a universal tensile testing machine (Instron 4411)
equipped with a 5 kN load cell. Photographs of the tested samples at different stretching
strains during the tensile measurements were in-situ taken to measure the transversal
deformations of samples. The output performance of AXF-TENG under
impacting/releasing cycles was evaluated by utilizing a Keyboard Life Tester (ZX-
A03). The output voltage signal was collected by Keysight DSO-X3014A oscilloscope
and N2790A high voltage probe with 8 MQ internal resistance. Open-circuit voltage

and short-circuit current were measured using an electrometer (Keithley 6514).
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Figure 1. Schematic illustration of the fabrication process of coaxial core-shell AXF-TENG.

. Results and Discussion

3.1 Preparation of the AXF-TENG

Figure 1 illustrates the detailed fabrication processes of the proposed AXF-TENG.
Firstly, to fabricate the auxetic PDMS-SSY core fiber, SSY was inserted into a pre-
stretched hollow PVC tube (Figure 1a). Then, both ends of each tube were capped with
PDMS (Figure 1b) and pre-strains were released to construct helical-structured SSY's
as inner electrode (Figure 1¢). Subsequently, PDMS was injected into the SSY-filled
PVC tube and cured in the oven to prepare PDMS-SSY core fiber (Figure 1d). After
peeling off the PVC tube wall (Figure 1e), the prepared PDMS-SSY core fiber (Figure

1f) were inserted into a commercially hollow SSBS shell (Figure 1g) and encapsulated

with adhesive tape at both ends to obtain the AXF-TENG (Figure 1h).
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3.2 Working mechanism of the AXF-TENG

The schematic diagrams showing the vertical-section of the fabricated AXF-TENG
before and after stretching are shown in Figure 2a and b. The AXF-TENG consists of
an auxetic PDMS-SSY with negative Poisson's ratio as core fiber and a commercial
SSBS with positive Poisson's ratio as outside shell. As shown in Figure 2b, the auxetic
PDMS-SSY fiber would laterally expand when stretched. This special deformation
behavior can be explained as follows: The prepared PDMS-SSY structure can be
understood as a straight PDMS elastomeric core fiber with a stiffer SSY wound around
it in a helical form[44]. Under the tensile force, the stiff SSY is straightened and
displaces the core PDMS fiber into a crimped form, resulting in an expansion of the
PDMS-SSY structure in the lateral direction[45].

The working mechanism of the fabricated AXF-TENG during stretching/releasing
process is based on two electrodes contact-separate mode of the triboelectric effect,
which are shown in Figure 2¢-f. When a tensile force is applied on the AXF-TENG, the
PDMS-SSY core fiber laterally expanded and effectively contacted with the laterally
contracted SSBS shell electrode, causing triboelectrification. Since PDMS and SSBS
shell are opposite on the triboelectric series, the PDMS would generate negative
charges, while the SSBS shell would generate positive charges (Figure 2c). After the
AXF-TENG was released from the stretched state, the PDMS-SSY core fiber would
separate from the SSBS shell, returning to its original position. The charge separation
would cause the PDMS to induce positive charges onto the SSY. This would drive

electrons to flow from the SSBS shell electrode to the SSY through the external circuit
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to reach electrostatic equilibrium, producing a positive current (Figure 2d). When the
AXF-TENG was released to the original state, an equilibrium state was reached, and
no free electrons would flow to produce current (Figure 2e). When the AXF-TENG was
stretched again and the core-shell layers got close to each other, electrons would flow
back from SSBS shell electrode to the SSY inner electrode (Figure 2f). This process
generated a negative current until reaching a new equilibrium state with the core-shell
layers in contact again (Figure 2c). In this way, an alternate current was generated
during the repeated contact and separation process between PDMS-SSY core fiber and

SSBS shell under a periodic tensile force.
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Figure 2. Schematic structure and working mechanism of AXF-TENG. (a-b) Schematic diagrams
showing the structure of AXF-TENG before (a) and after (b) tensile deformation. (c-f) Schematic
diagrams showing the working mechanism of triboelectric output of AXF-TENG during

stretching/releasing process.

3.3 Characterization of the PDMS-SSY core fiber and SSBS shell

Figure 3a and Figure 3b show the cross-section morphology of PDMS-SSY core
fiber at different magnifications. It can be seen that the helix structured SSY occurs at
the inner edge of core PDMS matrix, which is then encapsulated by a thin layer of
PDMS at the outmost side. Figure 3¢ shows the SEM image of the used SSY which not
only serves as the inner electrode but also plays an important role in resulting negative

Poisson's ratio effect.

The characteristics and properties of core fiber, such as number of coils (NOC),
electrical conductivity, stretchability and Poisson's ratio under stretching, which have
significant influence on the final performance of AXF-TENG, were carefully
investigated. Figure 3d and Figure 3e show the optical images of the PDMS-SSY core
fiber at unstretched state and stretched at a 15% strain, respectively. From the images,
it is obvious that the core fiber expands in the latitudinal direction when it is stretched
in the longitudinal direction. This is can be attributed to the rationally designed helical
auxetic fiber (HAY) structure, which was formed with a straight elastomeric PDMS
core, a stiffer SSY wound around it in a helical form, and a thin coating of PDMS
(Figure 2a). Under stretching, the stiff SSY is straightened and displaces the PDMS
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core into a crimped form, which results in an expansion of the fiber structure in the
lateral direction (Figure 2b). The outmost PDMS sheath not only serves as good binder
between PDMS core and SSY but also avoids short circuit from contact between SSY

and SSBS shell under stretching.

Coil number of SSY plays a key role in the auxetic property of PDMS-SSY fiber.
Therefore, a series of PDMS-SSY with different coil numbers were designed by pre-
stretching the PVC tube to different levels of strains. As shown in Figure 3f, when pre-
strain increases from 10% to 50%, coil number of SSY rises from 1.4 to 2.5/cm
correspondingly. In addition, the electrical conductivity of inner SSY electrode during
stretching, which is also crucial for AXF-TENG to obtain high performance undergoing
a tensile strain, was investigated in detail. As shown in Figure 3g, the resistance of SSY
electrodes with different coil numbers were measured as a function of tensile strain. It
can be seen that the resistance of all SSY electrodes declines slightly when the strain is
increased, which can be attributed to the enhanced electrical conductivity induced by
the closer contact between stainless steel fibers within the yarn at higher stretching
states. Moreover, the maximum value of tensile strain is proportional to coil number of
SSY in the core fiber when coil number increases from 1.4 to 2.5/cm, which rises from

7% to 40%.

Since the use of the stiff SSY is the key reason that triggers auxetic effect in the
PDMS-SSY fiber, it is noteworthy to investigate the influence of SSY coil number on

the auxetic effect. As shown in Figure 3h and Figure 3i, the transverse strain-tensile
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strain curves and Poisson's ratio-tensile strain curves for PDMS-SSY fibers with
different coil numbers were measured for comparison. The transverse strain (&) was

calculated from Equation (1):

(M

where H and Hy are effective transverse widths of the sample at the stretched and initial

states, respectively. Afterwards, the Poisson's ratio (v) was calculated from Equation

(2):

v=-— @)

where ¢ and ¢ are transverse strain and tensile strain of the sample, respectively. It can
be seen that coil number has a significant influence on the auxetic effect of the PDMS-
SSY structure. As shown in Figure 3h, transverse strains of all PDMS-SSY fiber with
different coil numbers from 1.4 to 2.5/cm rise under a tensile loading, while the slope
declines gradually as the coil number increases. By comparing the Poisson's ratio-strain
curves of PDMS-SSY fibers with different coil numbers as shown in Figure 3i, it can
be found that negative Poisson's ratio of all PDMS-SSY fibers firstly increases, reaches
its maximum effect at a tensile strain of about 5%, and then decreases gradually as the
strain further increases. Meanwhile, the maximum negative Poisson's ratio value of
PDMS-SSY fibers declines significantly from -10 to -0.2 when the coil number
increases from 1.4 to 2.5/cm. This can be understood as follows: The deformation

mechanism of the PDMS-SSY structure from a straight form to a wave form is mainly
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caused by the straightening of the helix SSY, and it is normal that increased coil number
can cause the difficult activation of shape change in PDMS-SSY structure, thereby

resulting a declined negative Poisson's ratio effect.
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Figure 3 (a, b) The SEM images for the cross-sectional view of PDMS-SSY fiber at different
magnifications. (¢) The SEM image for the surface view of SSY. (d, e) Optical microscope photos

of the core fiber (d) at the released state and (e) at the stretched state with 15% strain. (f) Coil
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number dependence of the core fibers under different pre-strains. (g) Resistance, (h) transverse
strain and (i) Poisson's ratio of the core fibers with different coil numbers under different tensile
strains. (j-k) Optical microscope photos of the SSBS shell (j) at the released state and (k) at the
stretched state with 35% strain. (I) SEM image of the surface morphology of the SSBS shell. (m)
Resistance, (n) transverse strain and (o) Poisson's ratio of the SSBS shell under different tensile

strains.

For comparison, the characteristics and properties of the SSBS shell under stretching
were also investigated. As shown in Figure 3j and Figure 3k, it is obvious that the SSBS
shell contracts in the latitudinal direction when it is stretched in the longitudinal
direction, which behaves like a conventional braid. Figure 31 shows the surface
morphology of the SSBS shell. Owing to the excellent electrical conductivity of
stainless stain fibers, the resistance of SSBS shell shows no obvious changes during
stretching (Figure 3m). In addition, the transverse strain and Poisson's ratio of SSBS
shell were also been measured. The results show that the transverse width of SSBS shell
shrinks to 50% of the initial value when the tensile strain increases to 35% (Figure 3n).
Correspondingly, the Poisson's ratio of SSBS shell exhibits a positive Poisson's ratio
under a tensile loading (Figure 30). Therefore, by integrating it with the built-in auxetic
PDMS-SSY core fiber into a core-shell conjugate structure design, contact and

separation between the triboelectric materials would become more effective.

3.4 Output performance characterization

The output performance of the AXF-TENG was evaluated under a cyclic stretching
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and releasing process. In order to obtain excellent outputs, the structure should be
optimized. Number of coils (NOC) as one of the main factors, which played the key
role in the auxetic property of core fiber, were investigated firstly. As shown in Figure
4a and Figure 4b, the frequency and tensile strain was fixed at 2 Hz and 5%, respectively,
to investigate the influence of NOC on the outputs of AXF-TENG (~ 10 cm length).
Due to the decreased Poisson's ratio of core fiber with the increase of NOC, the contact
between core fiber and shell sleeve becomes more ineffective. Therefore, peak-to-peak
open circuit voltage (Vpp) and short-circuit transfer charge (Qsc) are both inversely
proportional to NOC in the core fiber of AXF-TENG when NOC increases from 1.4 to
2.5/cm, which declines from ~ 6.7 Vto ~ 1.6 V and from 1.9 nC to 0.6 nC, respectively.
In order to investigate the output performance under different stretching strains, the
NOC and stretch-release frequency were fixed at 1.8/cm and 2 Hz, respectively. As
shown in Figure 4c and Figure 4d, with the increase of tensile strain from 5% to 25%,
both the Vpp and Qsc rise proportionally from ~ 3.8 to 24 V and from 1.2 to 6.5 nC,
respectively. This can be attributed to the closer contact and enhanced triboelectric
charges under higher tensile strain range. Furthermore, to systematically investigate the
influence of stretch-release frequencies on electrical outputs, the AXF-TENG was
measured at a fixed tensile strain of 25% and NOC of 1.8/cm. As shown in Figure 4¢
and Figure 4f, with the increase of stretch-release frequency from 0.5 to 5 Hz, both the
Vep and Qsc do not experience obvious changes and stay at about 25 V and 6.5 nC,
respectively, corresponding to the volumetric charge density of about 5.2 mC/m® and

energy density of about 6.7 x 10 J/m? per cycle, respectively. This is because that Vpp
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and QOsc are mainly determined by the device structure and selected functional materials
of TENGs. Therefore, when higher stretch-release frequency is applied, the whole
transferred charges in each stretch-release cycle remains unchanged, producing a

relatively constant Vpp and Osc outputs.
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Figure 4 (a) Open-circuit voltage and (b) short-circuit transfer charge of the AXF-TENG with
different number of coils, at 5% strain and 2 Hz frequency. (c¢) Open-circuit voltage and (d) short-
circuit transfer charge of the AXF-TENG under various strain between 5% and 25%. (e) Open-
circuit voltage and (f) short-circuit transfer charge of the AXF-TENG under various stretching

frequency between 0.5 Hz and 5 Hz.

To further improve the electrical performance of the AXF-TENGs, PDMS based
composites with higher relative permittivity were also applied to fabricate AXF-
TENGs. For example, by adding different contents of BaTiO3 nanoparticles (BT NPs)
into PDMS matrix and dispersing homogeneously, BaTiO3-PDMS composite (BT-
PDMS) were prepared for preparing (BT-PDMS)-SSY core fibers. Figure 5a and Figure
5b show the optical images of the (BT-PDMS)-SSY core fiber (with BT content of 50

wt.% and NOC of 1.8/cm) at unstretched state and stretched at a 20% strain,
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respectively. From the images, it is obvious that the (BT-PDMS)-SSY core fiber also
expands in the latitudinal direction when it is stretched in the longitudinal direction.
Figure 5c¢ and Figure 5d show the cross-section morphology of (BT-PDMS)-SSY core
fiber at different magnifications. It can be seen that BT NPs were well dispersed in
PDMS matrix without obvious aggregation (Figure 5d). The elemental mapping of
(BT-PDMS)-SSY in Figure Se-e4 reveals the distribution of Ba, Ti, Si, and Fe elements.
Here, the distributions of Ba and Ti are very uniform, which could be attributed to the
well dispersion of BaTiO3 in PDMS matrix. Figure 5f shows a typical BT-PDMS based
AXF-TENG with the diameter of ~ 3.0 mm. In order to evaluate the flexibility of the
BT-PDMS based AXF-TENG, flexibility measurements were conducted. As shown in
Figure 5g-k, the BT-PDMS based AXF-TENG was capable of enduring various
deformation states such as stretching (Figure 5g), bending (Figure 5h), twisting (Figure
51), enwinding (Figure 5j) and knotting (Figure 5k), demonstrating its good flexibility

and promising usability in wearable applications.

As the relative permittivity of the composites has significant influence on the
electrical output performance of the AXF-TENG devices[46,47], the dielectric
properties of the composites with BT NPs before and after the addition of graphene
were investigated at the frequency of 320 kHz at room temperature. As shown in Figure
51, the relative permittivity of BT-PDMS composites increased at first and then
decreased with increasing BT NP content from 10 wt.% to 60 wt.%. The maximum
relative permittivity arrived at 5.26 at the BT NP content of 50 wt.%. Afterwards,

Graphene-BT-PDMS composites were prepared by adding different contents of
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graphene into the BT (50 wt.%)-PDMS composite. Figure S1(a-c) show the cross-
section morphology of Graphene (0.6 wt.%)-BT (50 wt.%)-PDMS-SSY core fiber at
different magnifications and Figure S1(d-d5) show the elemental mapping of (BT-
PDMS)-SSY. As shown in Figure 5Sm, with an increase in the graphene content, the
relative constant of the samples firstly increased to a maximum of 9.87 (at graphene
content of 0.6 wt.%) and then decreased. Figure 5n and Figure 50 show open-circuit
voltage and short-circuit transfer charge of the AXF-TENG using PDMS, BT (50
wt.%)-PDMS, and Graphene (0.6 wt.%)-BT (50 wt.%)-PDMS under same NOC of
1.8/cm and stretching strain of 25% at 2 Hz. The results show that the electrical
performance of AXF-TENGs can be significantly improved after adding BT NPs and
graphene. Specifically, the peak-to-peak voltage and short-circuit transfer charge of BT
(50 wt.%)-PDMS based AXF-TENG were ~ 36 V and ~ 11 nC, which were much
higher than the values (~ 25 V, 6.5 nC). After adding graphene to further improve the
relative permittivity of Graphene (0.6 wt.%)-BT (50 wt.%)-PDMS, the electrical
performance could reach ~ 42 V and 12.5 nC, respectively. Furthermore, compared
with other stretchable fiber-shaped TENGS in the previous published works (shown in
Table S1 in the Supporting Information), the developed AXF-TENGs also exhibit
superior electrical outputs. To demonstrate its flexibility and potential to harvest
biomechanical energy and monitor human motions, a Graphene (0.6 wt.%)-BT (50
wt.%)-PDMS based AXF-TENG was fixed at various positions of human body to
harvest energy from human motions. For example, at the elbow joint (Figure 5p), lateral

elbow (Figure 5q) and knee joint (Figure 5r). The corresponding peak-to-peak voltage
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can reach about 6 V (Figure 5p), 9V (Figure 5q), and 17 V (Figure 5r), respectively.
The long-term stability of TENG was also an important factor in practical application.
As shown in Figure S2 in the Supporting Information, the output voltage of the BT-
PDMS based AXF-TENG after 5,000 and 10,000 continuous stretching/releasing
cycles can keep stable without obvious deterioration, showing that the prepared AXF-

TENG has excellent stability and durability.
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Figure 5 (a, b) Optical microscope photos of the BT-PDMS-SSY core fiber (a) at the released state
and (b) at the stretched state with 20% strain. (¢, d) The SEM images for the cross-sectional view
of BT-PDMS-SSY fiber at different magnifications. (e-e4) Energy-dispersive X-ray spectroscopy
mapping of different Ba, Ti, Si, and Fe elements in BT-PDMS-SSY. Photograph of the diameter
measurement of AXF-TENG. Photographs of the AXF-TENG at (g) stretching, (h) bending, (i)
twisting, (j) enwinding, and knotting states. (1) Relative permittivity variation of BT-PDMS

composites versus BaTiOs NP weight ratio between 0% and 60%. (m) Relative permittivity
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variation of Graphene-BT-PDMS composites (50 wt.% BaTiOs content) versus graphene weight
ratio between 0% and 0.8%. (n) Open-circuit voltage and (o) short-circuit transfer charge of
different AXF-TENGs with PDMS, BT (50 wt.%)-PDMS and Graphene (0.6 wt.%)-BT (50 wt.%)-
PDMS as core triboelectric materials, at 25% strain and 2 Hz frequency. (¢) Open-circuit voltage
and (d) short-circuit transfer charge of the AXF-TENG under various strain (5-25%). (e) Open-
circuit voltage and (f) short-circuit transfer charge of the AXF-TENG under various stretching
frequency (0.5-5 Hz). Photographic images and open-circuit voltage of the Graphene (0.6 wt.%)-
BT (50 wt.%)-PDMS based AXF-TENG fixed at different positions of human body: (p) at the elbow

joint, (q) at the lateral elbow, and (r) at the knee joint.

3.5. Applications of the AXF-TENG

Furthermore, to demonstrate its application potential as a useful power source, a woven-
structure AXF-TENG based textile was fabricated by weaving several BT-PDMS based
AXF-TENGs and connecting all the electrodes of weft/warp yarns in parallel (Figure
6a). As shown in Figure 6b, the dependence of output performance of AXF-TENG
based textile on external load resistances (R) under manually tapping has been
systematically studied. It can be seen that output voltage (V) tends to increase with
increasing load resistances, while the instantaneous power density increased at first and
then decreased with increasing load resistances from 1 KQ to 100 MQ. The maximum
instantaneous power density arrived at 52.36 mW/m? at a load resistance of about
10 MQ. Through lightly tapping the AXF-TENG based textile by hand, the electric
energy can directly drive 20 LEDs connected serially (Figure 6¢c and Movie S1). In
addition, the rectified output signals of AXF-TENG based textile could be charged into
several capacitors with different capacitances. Fig. 5d shows the voltage-charging
curves of capacitors measured by tapping the AXF-TENG based textile. The voltages

of 2 uF, 4.7 uF, and 22 pF capacitors can reach 3.0 V within 46s, 83 s and 233 s,
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respectively. With a simple bridge rectifier circuit (Figure 6¢), the charged capacitor
(22 pF) can easily power a digital watch (Figure 6f and Movie S2) and a calculator
(Figure 6g and Movie S3), respectively. Above results clearly reveal the AXF-TENGs
can effectively generate electrical output under various human motions and show
promising potential for powering wearable electronics. Finally, a smart textile glove
was made by stitching several BT-PDMS based AXF-TENGs onto the back of a
commercial knitted cotton glove corresponding to the position of five fingers. To
demonstrate its potential to detect finger movements, the AXF-TENGs on different
finger positions were serial connected and output voltage signals under different
circumstances were investigated. When any finger was bent and released periodically,
the periodic contact area between BT-PDMS core fiber and stainless-steel sleeve
increased and decreased at the same time. Thus, the real-time electrical output could
indicate the different gestures, as shown in Figure 6h. It is obvious that the peak-to-
peak voltage outputs of this smart glove increased when the number of bent fingers
increased from one (~ 2.8 V) to two (~ 4.4 V), three (~ 7.5 V), four (~ 8.0 V), and five
(~ 11.3 V), clearly affirming the feasibility of AXF-TENG based textile sensors in

detection of human motions and recognition of different gestures.
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Figure 6 (a) Photograph of the AXF-TENG based fabric with 5 x 5 weaving patterns. (b)
Dependence of the output voltage and instantaneous power density of the AXF-TENG based fabric
on load resistances. (c-g) Demonstrations of the AXF-TENG based fabric as power source: (c)
Photograph of directly lighting up 20 LEDs by the AXF-TENG based fabric under hand tapping;
(d) Charging curves of 2, 4.7, and 22 pF capacitors by manually tapping the AXF-TENG based
fabric; (e) The equivalent electrical circuit of the self-powered system; (f, g) Photographs of the
self-powered system driving an electronic watch and a calculator, respectively. (h) Demonstration
of the AXF-TENGSs stitched in a smart glove for active gesture sensing application: voltage signals

representing the numbers of "one", "two", "three", "four" and "five" by different gestures.

4. Conclusions

In summary, we have designed and developed a novel type of stretchable fiber-shaped

24



triboelectric nanogenerator with a core-shell coaxial architecture, in which a brand-new
negative Poisson-ratio auxetic core fiber was axially inserted into a commercial hollow
circular sleeve with positive Poisson's ratio, forming a unique synergistic structured
TENG of opposite Poisson's ratios. Herein, the developed auxetic core fiber, which
would expand in all directions under stretching, was rationally designed by selecting a
helical-structure stainless steel yarn as the stretchable electrode and employing
polydimethylsiloxane (PDMS) to cover the spiral stainless-steel yarns (SSYs) as the
active triboelectric layer. Resultantly, contact and separation between the triboelectric
materials become more effective, which contribute to harvesting more biomechanical
energy from deformation. The prepared AXF-TENG was flexible, stretchable, stable
and sensitive to versatile external mechanical stimuli such as stretching. Specifically,
the output voltage and transferred charge of AXF-TENG can reach up to ~ 25V and ~
6.5 nC, respectively. By adding BaTiO3 nanoparticles and graphene into PDMS matrix,
the fabricated composites with largely improved the dielectric property could
significantly improve the output voltage and transferred charge of AXF-TENGs to ~
42 V and ~ 12.5 nC, respectively. Demonstration of applications showed that the
proposed AXF-TENGs hold promising potentials for versatile applications in energy
harvesting from human motions and are expected to be further employed in self-

powered devices.
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