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ABSTRACT: Fibrous energy−autonomy electronics are highly
desired for wearable soft electronics, human−machine interfaces,
and the Internet of Things. How to eﬀectively integrate various
functional energy ﬁbers into them and realize versatile applications is
an urgent need to be fulﬁlled. Here, a multifunctional coaxial energy
ﬁber has been developed toward energy harvesting, energy storage,
and energy utilization. The energy ﬁber is composed of an all ﬁbershaped triboelectric nanogenerator (TENG), supercapacitor (SC), and
pressure sensor in a coaxial geometry. The inner core is a ﬁbrous SC
by a green activation strategy for energy storage; the outer sheath is a
ﬁbrous TENG in single-electrode mode for energy harvesting, and the
outer friction layer and inner layer (covered with Ag) constitute a selfpowered pressure sensor. The electrical performances of each energy
component are systematically investigated. The ﬁbrous SC shows a length speciﬁc capacitance density of 13.42 mF·cm−1, good
charging/discharging rate capability, and excellent cycling stability (∼96.6% retention). The ﬁbrous TENG shows a maximum
power of 2.5 μW to power an electronic watch and temperature sensor. The pressure sensor has a good enough sensitivity of
1.003 V·kPa−1 to readily monitor the real-time ﬁnger motions and work as a tactile interface. The demonstrated energy ﬁbers
have exhibited stable electrochemical and mechanical performances under mechanical deformation, which make them
attractive for wearable electronics. The demonstrated soft and multifunctional coaxial energy ﬁber is also of great signiﬁcance
in a sustainable human−machine interactive system, intelligent robotic skin, security tactile switches, etc.
KEYWORDS: energy ﬁber, multifunctional, coaxial, nanogenerator, self-powered system
frequency (<5 Hz), a triboelectric nanogenerator (TENG)21
with output power proportion to the action frequency (Pout ∝ f)
is more beneﬁcial to be adopted to harvest the low-frequency
and irregular mechanical energy.22 For energy storage units,
supercapacitors (SCs) capable of being assembled with excellent
ﬂexibility, broad structure design space, high rate capacity, and
long-term stability are optimal choices for wearable power
sources in daily life.23−29 Thus, the fabricated energy package
can be sustainably and readily used to power portable
electronics,30 work as pressure/strain sensors,31 interact with
computers/machines as tactile switch/interface,32 etc.

W

earable soft electronics, intelligent medical devices,
big data, and the connection nodes of the Internet of
Things call for sustainable and self-powered multifunctional electronic devices and sensors.1−5 Versatile and
sophisticated energy autonomous electronics are highly desired
to escape from the short lifetime, requirements of replacement/
maintenance, inevitable pollution, and even potential explosive
problems during the huge amount of usage of batteries.
Harvesting the surrounding and distributed energy to store or
directly use in a self-powered system is an eﬃcient route to
solving the above problems.6,7 Available options for energy
autonomy generally comprise of energy harvesting components,8 energy storage units,9,10 and relevant electrical
appliances/sensors/actuators,11,12 which have struggled to be
pursued by developing a self-charging energy package,13
constructing hybrid nanogenerators,14 pairing power management circuits,15,16 formulating standards/ﬁgures-of-merit,17 and
innovating energy-harvesting strategies (e.g., tribovoltaic
eﬀect18 and dielectric breakdown eﬀects19,20). Considering
that the intrinsic human motions/actions are commonly in low
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Figure 1. Schematic illustration of the energy ﬁber and fabrication process. (a) Schematic structure diagrams of the energy ﬁber for energy
harvesting, storage, and utilization (including TENG, sensor, and SC). (b) Photographs of the energy ﬁber subjected to diﬀerent mechanical
deformations, including twisting, knotting, and bending. Fabrication process of (c) ﬁbrous SC and (d) energy ﬁber. Insets in (c): SEM images of
the carbon ﬁber surface morphology before and after electrochemical activation.

Here, a multifunctional coaxial energy ﬁber has been
developed toward energy harvesting, energy storage, and energy
utilization. The energy ﬁber is composed of TENG, SC, and a
pressure sensor (all in a ﬁber shape), which are integrated in a
coaxial fashion. The inner core is a ﬁbrous SC for energy storage
with solid-state electrolyte gel uniformly surrounding two
twisted carbon ﬁbers (current collectors, modiﬁed by green
activation strategy) and covered by a protective thin layer of
polydimethylsiloxane (PDMS) and a Ag electrode. The outer
sheath is a ﬁbrous TENG in single-electrode mode for energy
harvesting with a layer of PDMS supported by a metallic spring.
Meanwhile, the outer PDMS friction layer and the inner PDMS
layer (covered with Ag) constitute another coaxial ﬁbrous
TENG in contact-separation mode. The ﬁbrous TENG can
utilize the harvested electricity and correlate it with external
pressure to work as a self-powered pressure sensor. We
systematically investigate the electrical performances of each
energy component. A two-step green electrochemical process is
employed to prepare the SC electrodes with great chemical
stability and microstructured surfaces to achieve a good length
speciﬁc capacitance density of 13.42 mF·cm−1, good charging/
discharging rate capability, and excellent cycling stability
(∼96.6% capacitance remaining after 10 000 cycles at a current

From the geometry aspect of the energy package, onedimensional energy ﬁbers/yarns/threads are highly promising
compared with the bulky or planar counterparts due to their
softness, weavability, shape-adaptivity, and air-permeability.33−35 For sustainable and continuous utilization in diﬀerent
application scenarios, ﬁber-shaped nanogenerators,36,37 energy
storage devices,38 and actuators/sensors33,39 are preferred to be
integrated in one unit, i.e., versatile or multifunctional energy
ﬁbers. To achieve a more robust versatile energy ﬁber, the
sophisticated design, facile fabrication process, and compact
assembly of each component need to be urgently developed.
The simple and easily scaled-up coaxial design is a good option
with core−shell architecture including a ﬁber-shaped inner core
and a tube-shaped outer shell.40 Functional layers can be shared
inside along the common axis to greatly save the required
assembling space and achieve the multifunctional integrations.34
The paired facile processing method to each functional ﬁber/
tube is also required to achieve the versatile and robust energy
ﬁber with a low cost, e.g., photolithography-free coating,41 green
electrochemical depositions,42 and mild post-treatment conditions.43 How to more eﬀectively and suﬃciently utilize various
functional energy ﬁbers is still a pendent imperative to be
fulﬁlled.
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Figure 2. Electrochemical performances and ﬂexibility of the SC. (a) Cyclic voltammetry (CV) curves obtained at diﬀerent scanning rates. (b)
Galvanostatic charging/discharging (GCD) plots of the SC at diﬀerent current densities. (c) Variation in the speciﬁc length capacitances with
discharging plots. (d) Cycling performances of the SC. (e) CV and (f) GCD curves for two SCs in parallel and in series. (g) GCD plots for the
bent SC at current density of 0.1 mA·cm−1. (h) Normalized capacitances of the SC bent at 180° for 1000 cycles. (i) Photograph of a fabric woven
with four ﬁbrous SCs in series and a blue LED powered by the energy storage fabric.

density of 0.3 mA·cm−1). The ﬁbrous TENG shows a maximum
power of 2.5 μW (open circuit voltage at 10 V and short circuit
current at 0.25 μA) and can be used to power an electronic
watch and temperature sensor. The pressure sensor has a high
sensitivity of 1.003 V·kPa−1 below 23 kPa, which can readily
monitor the real-time ﬁnger motions and be functionalized as a
tactile interface for a ﬁbrous electronic piano. The demonstrated
multifunctional coaxial energy ﬁber is highly promising for
wearable energy harvesting clothes, a sustainable human−
machine interface, intelligent electronic skin, a smart tactile
switch, etc.

of an outer sheath and inner core in contact-separation mode by
taking advantage of the coaxial design. It can realize the selfpowered sensation when the energy ﬁber is subjected to the
external load. The assembled ﬂexible energy ﬁber with a dimeter
of 3 mm (Figure S1) is ready to be subjected to the mechanical
deformations of twisting, knotting, and bending (Figure 1b),
exhibiting promising potential in wearable device applications.
As the inner core, the activated carbon ﬁber (CF) current
collectors are ﬁrst prepared prior to the fabrication of the
multifunctional energy ﬁber, which involves a two-step electrochemical process (oxidation/exfoliation and electrochemical
reduction, Figure 1c). The electrochemical exfoliation is a green
and facile method where the reaction of the negative and
positive ions results in the expansion of materials along the CF
axis, which introduces microstructured surface morphology with
additional nanogullies on the CF surface. The micro/nanostructured CF with increased surface area is beneﬁcial for ion
adsorption and can signiﬁcantly enhance the energy storage
capability. During the electrochemical oxidation exfoliation
process, a bias voltage (+10 V) is applied between the cathode (a
platinum wire) and the anode (CF) in 0.1 M ammonium sulfate
((NH4)2SO4) aqueous solution. The applied bias induces the
reduction of H2O molecules at the cathode and introduces
hydroxyl ion (OH−) intercalation into the CF surface, which can
attract active site atoms to be oxidized to functional groups (e.g.,

RESULTS AND DISCUSSION
Figure 1a shows the schematic illustration of the multifunctional
energy ﬁber in a coaxial geometry. It comprises of the ﬁbrous
TENG for energy harvesting, the SC for energy storage, and the
self-powered pressure sensor by utilizing the harvested
mechanical energy. The ﬁbrous TENG is made of silver nylon
yarn and elastic PDMS. It is assembled as the outer sheath,
which is robust enough and ready to harvest external mechanical
energy. The ﬁbrous SC is made of activated carbon ﬁber and
poly(vinyl alcohol)/sulfuric acid (PVA/H2SO4) electrolyte. It is
inserted as the inner core and covered with a protective PDMS
layer. The pressure sensor is based on another TENG composed
1599
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COH, CO, and COOH) and deliver enough space
for the subsequent reduction process to introduce potential
micro/nano-structures on the CF electrodes. The electrochemical oxidized carbon ﬁber with diﬀerent processing times is
abbreviated as EOCF-X, in which X represents the processing
time. By directly using the EOCF-X samples as the working
electrode, the electrochemical reduction process is carried out
with three-electrode conﬁguration in the 1.0 M NH4Cl aqueous
solution to reduce the EOCF-X samples into a reducedoxidative carbon ﬁber (ROCF-X, 1 h, at a potentiostatic
polarization of −1.5 V, room temperature). Due to the high
diﬀusion eﬃciency of electrons in the electrolyte, electrochemical reactions between the electrons and surface oxygencontaining functional groups can be adequately implemented to
achieve the ROCF-X electrodes with a square resistance of few
tens of ohms. The insets of Figure 1c reveal the SEM images of
the CF surface morphology before and after electrochemical
activation, respectively. A rougher surface with some micro/
nano-cracks is observed on the activated CF (right inset)
compared with the pristine CF (left inset) due to the axial
expansion of ﬁber materials during oxidative exfoliation. Some of
the microgullies may also be originated from the accompanied
evolution of gaseous species (e.g., SO2 and O2) during the
electrochemical process. The SEM images of pristine and
activated CFs with more details are shown in Figure S2.
The fabrication process for the energy ﬁber (assembled by the
inner SC core and external TENG sheath) is shown in Figure 1d.
Based on the prepared ROCF, the SC is fabricated by precoating
the electrolyte with a subsequent coating of PDMS as an
encapsulation layer (top panel in Figure 1d). Two strands of the
ROCFs, working as the current collectors, are twisted into a
spring-like spiral winding shape without contacting each other.
The spiral-winding ROCFs are repeatedly immersed into PVA/
H2SO4 solution and casted for three times to achieve the ﬁbrous
SC. The thin layer of PDMS coated on the ﬁbrous SC plays
versatile roles as the dielectric encapsulating shell, supporting
bone, and contact-electriﬁcation layer against the external
sheath tube. It also shows good biocompatibility and great
breathability for potential wearable applications. For the external
sheath tube, a silver coated nylon yarn is ﬁrst closely winded
around a plastic stick and packaged by PDMS, from which the
plastic stick can be drawn out with the left free-standing PDMS
tube as the outer sheath (with a diameter of 2 mm, bottom panel
in Figure 1d). Silver coated nylon yarn is selected as the
electrode material due to its excellent electrical conductivity,
mechanical robustness, and easy accessibility. To assemble the
multifunctional energy ﬁber, the internal core column (ﬁbrous
SC with coated PDMS, with a diameter of 1 mm) is axially
inserted into the external sheath tube. The coaxial geometry
design can directly integrate individual functional devices and
sophisticatedly synergize and share the common components to
achieve the energy ﬁber, which is readily applicable to wearable
multifunctional devices and soft electronics. Mechanical properties of the energy ﬁber are also evaluated by characterizing the
tension versus strain properties of the ﬁbrous TENG made of
PDMS with/without silver nylon in Figure S3. The ﬁbrous
TENG made of PDMS with spiral winding silver nylon shows
better mechanical properties due to that the silver nylon
functionalizes as an inner supporting electrode, reinforces the
mechanical properties of the composite, and strengthens the
modulus of the energy ﬁber.
Diﬀerent SC samples in aqueous H2SO4 solution are ﬁrst
characterized as shown in Figure S4 and Figure S5, among which
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the ROCF-3 sample (electrochemical oxidation for three
minutes) shows the best electrochemical performances.
Accordingly, the electrochemical performances of the assembled
all-solid-state ﬁbrous SC (PVA/H2SO4 as the hydrogel electrolyte, a symmetric conﬁguration with two strands of ROCF-3min
carbon ﬁber assembled in a spiral as current collectors) are
mainly characterized. Figure 2a shows the cyclic voltammetry
(CV) curves of the SC with ROCF-3 at various scan rates from 5
to 50 mV·s−1 with the potential window varying from 0 to 1 V.
The CV curves represent slightly inclined quasi-rectangular
shapes without any redox peaks, which are typical CV behaviors
of the electrical double layer capacitor due to the surface electroadsorption of ion/proton incorporation with limited ion
transport. Figure 2b shows that the galvanostatically charged/
discharged (GCD) curves are in triangular-shaped proﬁles at
current densities from 0.02 to 0.1 mA·cm−1, representing good
electrochemical performance of the ﬁbrous SCs with high
Coulombic eﬃciency and fast charge propagation. The length
speciﬁc capacitance density calculated from the discharging
plots ranges from 13.43 to 6.44 mF·cm−1 under charging current
densities from 0.02 to 0.4 mA·cm−1 (Figure 2c). The cycling
performance of the ﬁbrous SC can retain about 96.6% of the
initial value even after 10 000 cycles (evaluated by GCD tests at
a current density of 0.3 mA·cm−1, Figure 2d). The capacitance
retention is slightly higher than 100% at the initial cycling stage,
which may be attributed to that the gradually uniform wetting
process of the electrodes by electrolyte leads to the falsely
increased capacitance. For practical applications, a higher
capacitance or voltage is required by simply connecting the
ﬁbrous SCs in series or in parallel. As shown in Figure 2e, the
output current of two SCs in a parallel connection is doubled
compared with a single device, and the voltage window can be
easily widened to 2 V by connecting two SCs in series. Figure 2f
demonstrates the GCD curves of one single SC and two SCs
connected in parallel and in series. The voltage window of the
series connected SCs goes up to 2.0 V (twice higher than that of
the single device with the same charging/discharging time),
indicating the capacitance is half that of a single SC. The
charging/discharging time for two SCs in a parallel connection is
twice longer than one SC, which thereby signiﬁes the
capacitance by two times. For wearable energy storage textiles,
the ﬂexibility and durability without aﬀecting electrochemical
performance are indispensable. As shown in Figure 2g, no
obvious deteriorations during charging/discharging can be
observed with the SC bent at diﬀerent angles (0°−180°),
conﬁrming its excellent bendability. Furthermore, the capacitance retention rate of the ﬁbrous SC shows almost no variation
after 1000 cycles of bending at 180° in Figure 2h. The inset
shows a photo image of the bent SC ﬁxed on the linear motor.
For practical applications, four SCs connected in series are
woven into common textiles and used to power a blue LED
(Figure 2i). The excellent stability allows the series connections
of more ﬁbrous SCs to drive portable electronics with higher
power consumption.
For energy harvesting, the energy ﬁber integrates two ﬁbrous
TENGs in diﬀerent working modes. One is the single-electrode
mode composed of an outer sheath and nitrile gloves for energy
harvesting; the other is the contact-separation mode composed
of the external sheath and inner core for sensing. For the energy
harvesting TENG in the single-electrode mode (i.e., the outer
sheath), the working mechanism illustrated with charge transfer
processes based on triboelectriﬁcation and electrostatic
induction is shown in Figure 3a. We take the nitrile glove
1600
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Figure 3. Working principles and electrical output performance of the energy ﬁber. Schematic diagram of working principles of the (a) singleelectrode mode and (b) vertical contact-separation mode. Electrical outputs of the energy ﬁber in single-electrode mode in various compressing
frequencies (1−5 Hz), which include (c) ISC, (d) VOC, and (e) QSC. (f) Relationship between current and voltage of the external load. (g)
Instantaneous power as a function of external load resistance, calculated from the plots in (f). (h) Real-time current output of the ﬁbrous TENG
in contact-separation mode of TENG, monitored for 4000 s. Electrical outputs of the energy ﬁber in contact-separation mode at various
compressing frequencies (1−5 Hz), which include (i) ISC, (j) VOC, and (k) QSC.

the ground due to the induced electrical potential diﬀerence
between the electrode and the ground, resulting in an electrical
current. Once the glove is approaching the outer PDMS again,
the reduction of the distance will make the glove possess a higher
electric potential than the Ag electrode, and electrons are driven
from the ground back to the Ag electrode, resulting in a reversed
output current signal. For the sensing TENG in contactseparation mode, the working mechanism is shown in Figure 3b,
which is similar to the single-electrode mode. The only
diﬀerence is that the electrons transfer between the Ag electrode
and the ground in single-electrode mode, while it occurs
between the Ag electrode and CFs in contact-separation mode.
The output performances of the ﬁbrous TENG in the singleelectrode mode driven by a linear motor are taken as an example
and evaluated by an electrostatic meter (Keithley 6514),

contacting with the single-electrode mode TENG as the
example. When the surface of the glove and the outer PDMS
are brought into contact with each other, surface charge transfer
takes place at the contact interface due to triboelectriﬁcation.
There is no electrical potential diﬀerence between the contacted
glove and PDMS, thereby exhibiting no electricity between the
ground and the Ag electrode. According to the triboelectric
series, the nitrile glove carries positive charges on its bottom
surface, inducing equivalent negative charges on the outer
PDMS of the energy ﬁber. Due to the intrinsically insulating
property of the glove and outer PDMS, the induced electrostatic
charges with opposite signs can be conﬁned on the surface for a
long time. When the glove starts to separate from the outer
PDMS, positive charges will be induced on the Ag electrode.
The electrons from the Ag electrode are forced to ﬂow toward
1601
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Figure 4. Energy harvesting application of the energy ﬁber in single-electrode mode. (a) Equivalent electrical circuit diagram for charging the
energy ﬁber under periodic mechanical actions. (b) Charging curves of the diﬀerent commercial capacitors by mechanically pressing the energy
ﬁbers. (c) Real-time test of the capacitor voltage during charging of the capacitor and periodically powering an electronic watch. Inset is 10
series-connected LEDs driven by the energy ﬁbers. (d) Electronic watch and (e) a temperature−humidity meter driven by 9 parallel energy
ﬁbers.

instantaneous power output (W = Ipeak2·R) reaches the
maximum value of 2.5 μW at an external load resistance of 40
MΩ. As the stability of the ﬁbrous TENG output current is
critical for ensuring a continuous power supply to portable
electronics, the real-time ISC of the single-electrode mode
TENG is monitored at 3 Hz for 4000 s (Figure 3h). It shows
relatively stable output with very slight ﬂuctuation, guaranteeing
the practical energy scavenging and sensing application of the
energy ﬁber. We have also characterized the inﬂuence of the
outer PDMS thickness on the electric output of the singleelectrode mode ﬁbrous TENG (Figure S6), among which the
outer PDMS with a thickness of 0.5 mm shows the highest
output. The electric performances (ISC, VOC, and QSC) of the
other contact-separation mode ﬁbrous TENG (Figure 3b) is
also evaluated, which shows a similar variation trend with the
single-electrode mode under diﬀerent contact-separation
frequencies (Figure 3i−k). However, the electric performance
is lower (at 5 Hz, ISC = 0.4 μA, VOC = 1.6 V, and QSC = 3.2 nC)
due to the ﬁnite contact area of the inner ﬁbrous structure. The
contact-separation mode ﬁbrous TENG with relatively lower
output can be considered to work as a strain sensor (which will
be discussed later).
As the TENG in single-electrode mode shows higher output
performance, it can be readily used as a power source. To drive
commercial portable electronics, the intrinsic pulse electric
output of the TENG needs to be ﬁrst stored in energy storage
elements such as batteries or capacitors for the subsequent
supply of energy. Figure 4a shows the equivalent electrical circuit
diagram. The ﬁbrous TENG is integrated with a capacitor to
form a self-charging power system, including TENG as an AC
power source, a bridge rectiﬁer as an AC-to-DC converter, and a
capacitor as the energy storage device. The switch can
successfully control the energy stored in the capacitor or
power the series connected electronics on demand. The
charging curves for 10, 33, and 100 μF capacitors by the ﬁbrous
TENG are shown in Figure 4b. It takes 45, 167, and 461 s to

including open-circuit voltage (VOC), short-circuit current (ISC),
and transferred charges (QSC). With the contact frequency
increased from 1 to 5 Hz (the contact-separation distance is at
80 mm), ISC increases from 0.37 to 0.63 μA (Figure 3c), while
VOC and QSC almost remain constant (16.6 V and 7.3 nC in
Figure 3d,e, respectively). The typical TENG output variations
related to the frequency can be explained as follows. According
to the Gauss theorem,44 the voltage between the two electrodes
can be given by
V=−

σx(t )
Q ij d
y
jj + x(t )zzz +
ε0
Sε0 k ε
{

where Q is the amount of transferred charge and x is the
separation distance between the two triboelectric charged layers.
d, S, and ε are the thickness, electrode area, and relative dielectric
constant of the PDMS, respectively. ε0 is the permittivity of the
vacuum. The voltage is the function of x(t) and the static charge
density of σ, which shows no response to the frequency. For the
short-circuit current, it can be extracted from the evaluation of
Maxwell’s displacement current45 in the follow equation:
JD = σT

dσT
dH dε0 /ε
ÄÅ dε
É2 +
Ñ
dt ÅÅ 0 + z ÑÑ
dt
ÅÅÅ ε
ÑÑÑ
Ç
Ö

H
dε0
ε

+z

where H is a function of time and it is determined by the rate at
which the Ag electrode and outer PDMS are contacted. This
equation means that the displacement current density (which
also determines the output current) is proportional to the charge
density on the static charge density of σ and the speed at which
the two dielectrics contact/separate.
Various resistors are connected as external loads to further
investigate the eﬀective electrical power for driving portable
electronics. As demonstrated in Figure 3f, the output current
drops with the increased external load resistance due to Ohmic
law, while the voltage shows a reverse trend. Accordingly, the
1602
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Figure 5. Pressure sensing applications of the energy ﬁber in single-electrode mode and contact-separation mode. (a) Static voltage response of
the energy ﬁber under diﬀerent pressures. (b) Dynamic instantaneous voltage response according to the increased pressure. (c) Real-time
voltage response to applied pressure, monitored by the voltmeter and pressure gauge simultaneously. (d) Force−voltage curve of the energy
ﬁber. (e) Output voltage of the energy ﬁber under diﬀerent bending angles. Inset: bending energy ﬁber at diﬀerent angles by a linear motor. (f)
Photographs of a glove with four strain sensors mounted on four ﬁngers and the corresponding hand gestures (top panel); real-time voltage
sensing signals under diﬀerent gestures (bottom panel). (g) Photograph of the energy ﬁber as tbe tactile interface for playing an electronic piano
(top panel); circuit diagram of the ﬁbrous tactile interface and processing circuit (bottom panel).

charge the capacitor of 10, 33, and 100 μF to 1.5 V, respectively.
After completing the ﬁrst charging cycle for the capacitor of 33
μF to 1.95 V in 326 s, the ﬁbrous TENG is able to recharge the
capacitor to 2.5 V in 25 s and then power the watch repeatedly
(Figure 4c). Figure 4d and Movie S1 show the powering of the
electronic watch (DFYJ.CO NT-62, 0.12 mW) by using nine
ﬁbrous TENGs connected in series with a 10 μF capacitor. To
power a temperature−humidity meter (BLX346, 0.15 mW, 3.6
V), the ﬁbrous TENGs are required to charge a larger capacitor
(100 μF, charging plot in Figure S7) and then realize the
powering process, as shown in Figure 4e and Movie S2. The
ﬁbrous TENGs can also directly light up 10 LEDs as a
sustainable power source (inset of Figure 4c). In the ﬁbrous
TENG, the adopted silver thread is well packaged with PDMS,
and it is lightweight, anticorrosive, and soft, which can better suit

the practical needs compared with traditional power sources
based on solid materials like metal.
In addition to serving as the power source, the electrical
output of the TENG is also proportional to the applied force or
strain, which can be used for self-powered mechanosensation.
The outer surface of the energy ﬁber can be directly contacted
with an external object or skin (in diﬀerent electronegativities)
in single-electrode working mode, which allows a self-powered
sensor or direct-contact interactive interface. The open-circuit
voltage is utilized as the sensing signal to detect the magnitude of
the pressure, which reﬂects the static force information applied
to the ﬁbrous TENG. Figure 5a shows a measurement of the
output voltage response to the diﬀerent applied forces. The
magnitude of the output signal is enlarged with the applied
pressure increased from 7.2 to 18.9 kPa. Five cycles of the
1603
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music (Figure 5g and Movie S3). The multifunctional
applications of the energy ﬁber are of great signiﬁcance to
sustainable and adaptive wearable devices.

applied force also lead to stable output magnitudes under the
imposition of each pressure value. The real-time Voc sensing
signals according to the applied diﬀerent pressures are also
recorded in Figure 5b, which steadily increase from 4.27 to 24.18
V with the pressure increased from 7.2 to 31.6 kPa. The
increased Voc can be attributed to that the applied increased
pressure leads to the ﬁber expansion with an enlarged
deformation magnitude, which increases the contact area and
corresponding ﬁbrous TENG output to produce a synchronous
instantaneous response. Figure 5c illustrates the transient
response of the pressure sensing signals along with the applied
pressure; the response time is estimated to be less than 50 ms for
both applying and releasing the force. The pressure sensitivity
(deﬁned as a ratio between voltage variation and applied
pressure, i.e., ΔV/P) is evaluated in Figure 5d, which can be
divided into two typical sensory regions (a highly sensitive
region below 23 kPa with a sensitivity of 1.003 V·kPa−1 and a
relatively lower sensitive region beyond 23 kPa with a sensitivity
of 0.464 V·kPa−1). The two-stage sensitivity, which is closely
related with the transferred charges during contact electriﬁcation, is determined by the contact-compression process between
the external object and the elastic ﬁbrous pressure sensor. The
initial contact stage upon smaller pressure (<23 kPa) will lead to
relatively larger deformation of the ﬁbrous sensor, while the
subsequent compression process with higher pressure (>23
kPa) will lead to relatively smaller deformation due to that the
deformation space of the ﬁbrous TENG sensor is decreased at
higher pressure region. The achieved sensitivity in the ﬁrst stage
is comparable to the TENG based on liquid ﬁlled tube (1.019 V·
kPa−1)46 and much higher than the counterparts with silicone
rubber coated stainless-steel thread (sensing range limited
within 6 N).47 A detailed comparison between this work and
several related reports is listed in Table S1.
The ﬁbrous TENG in contact-separation mode composed of
the CF electrode, encapsulation layer of the SC (i.e., inner
PDMS), and wound Ag yarns can be utilized as a strain sensor
due to the eﬀective contact-separation process induced by the
applied external strain. Enlarged applied strain will lead to more
contact areas between the inner PDMS and winded Ag yarns,
which can result in the proportionally increased output sensing
signals. When the energy ﬁber is repeatedly bent and relaxed
(Figure 5e), the real-time VOC shows a gradually and periodically
synchronous increment/decrement due to the electron transfer
between the Ag yarns and the CF electrode. It is obvious that the
electrical outputs of the energy ﬁber increase from 0.16 to 0.59 V
with the bending angles increased from 15° to 90°,
demonstrating the potential applications of self-powered realtime motion detection. As a proof of concept, the energy ﬁbers in
contact-separation mode have been used as self-powered smart
gesture-recognizing devices on a glove thanks to the sensitivity
and desirable stability of periodic vibration. Four energy ﬁbers
are ﬁxed on the dorsal side of ﬁngers on nitrile gloves. When a
hand wearing this glove makes diﬀerent gestures, such as
keeping all ﬁngers straight or holding a steel bar with the four
ﬁngers (top panel of Figure 5f), the real-time voltage signals are
monitored. Based on the self-powered strain sensors, instantaneous ﬁnger actions can be reﬂected and distinguishable by the
output information on the energy ﬁber (bottom panel of Figure
5f). Furthermore, the energy ﬁber can functionalize as a tactile
interface for a ﬁbrous electronic piano, in which the triboelectric
output induced by the touch between ﬁngers and ﬁbers can be
captured by the microcontrol system and recognized to trigger
the embedded software program to play the basic notes and

CONCLUSION
In summary, a multifunctional coaxial energy ﬁber has been
developed based on ﬁber-shaped TENG, SC, and a pressure
sensor in a coaxial design. The ﬁbrous TENG can utilize the
harvested electricity and correlate it with external pressure to
work as a self-powered pressure sensor. The prepared ﬁbrous SC
achieves a good speciﬁc length capacitance density of 13.42 mF·
cm−1, good charging/discharging rate capability, and excellent
cycling stability. The ﬁbrous TENG shows a maximum power of
2.5 μW and can be used to power an electronic watch and
temperature sensor. The self-powered pressure sensor shows a
sensitivity of 1.003 V·kPa−1 and can be readily used to monitor
the real-time ﬁnger motions and work as a tactile interface. The
demonstrated versatile and compact coaxial energy ﬁbers will
lead the textile wearable electronics toward a more intelligent,
more accessible, and more environmentally friendly development direction.
METHODS
Electrochemical Activation of Carbon Fiber. The carbon ﬁber
was prepared by electrochemical oxidative treatment followed by
electrochemical reduction. Before activation, a strand of carbon ﬁbers
was rinsed in deionized (DI) water several times and dried in a vacuum
oven. The electrochemical oxidative treatment was implemented in a
standard two-electrode conﬁguration that was constructed with a
platinum plate electrode as the cathode and a strand of carbon ﬁbers as
the anode in 70 mL of 0.1 M (NH4)2SO4 aqueous solution. A direct
current voltage of +10 V was applied between the two electrodes with
the processing times of 1, 2, 3, and 5 min for each sample, respectively.
The electrochemical reduction was carried out in a three-electrode
system with 50 mL of 1.0 M NH4Cl aqueous solution as the electrolyte,
in which a platinum plate electrode was employed as the counter
electrode, an Ag/AgCl electrode worked as the reference electrode, and
the oxidative carbon ﬁber was directly used as the working electrode. All
these electrodes were reduced under potentiostatic polarization at −1.5
V for 1 h at room temperature. Then the ROCFs were washed with DI
water and dried in a vacuum oven for the following experiments.
Fabrication of the Supercapacitor Electrode. The PVA gel
solution was ﬁrst prepared by dissolving 5 g of PVA (Mw = 89 000−
98 000) in 20 mL of DI water, heated to 90 °C, and stirred for 1 h.
Afterward, 5 mL of diluted H2SO4 in 30 mL of DI water was slowly
dropped in PVA gel solution and cooled down to 20 °C after uniform
mixing. Electrochemical oxidation and reduction treated carbon ﬁber
was immersed into the PVA/H2SO4 hydrogel electrolyte for 1 min to
coat the electrolyte gel, and then the carbon ﬁber was located into a
vacuum oven for 15 min to remove the water. The coating and heating
processes were repeated in turn for several times. The other carbon ﬁber
was also prepared following the above methods. Then the two strands
of carbon ﬁbers were twisted into a spiral shape to assemble the ﬁbrous
SC, which was ﬁnally encapsulated by PDMS.
Characterization and Electrochemical Measurements of the
SC Fiber. The surface morphologies of the carbon ﬁber before and after
electrochemical activation were performed by a ﬁeld emission scanning
electron microscope (SU-8020, Hitachi). The electrochemical properties of the SC ﬁber were investigated by an electrochemical workstation
(CHI760E Instruments, China). The speciﬁc length capacitances (CL)
with the units of F·cm−1 were calculated from galvanostatic charging/
discharging plots and derived according to the following equation:

CL =
1604

I ·Δt
ΔV ·L
https://dx.doi.org/10.1021/acsnano.0c09146
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where I is the discharging current, Δt is the discharging time, ΔV is the
voltage diﬀerence in consideration of the current-resistance drop, and L
is the length of the carbon ﬁber.
Fabrication of the Energy Fiber. For the systematic design of the
energy ﬁber, commercial silver-coated nylon yarn (nominal diameter:
270 μm, resistance < 5 Ω·cm−1) was selected as the outer electrode, and
PDMS (Sylgard 184, Dow Corning) was chosen as the dielectric,
supporting, and encapsulating material. First, PDMS as a dielectric
material was prepared by mixing the base monomers and the curing
agent with the ratio of 10:1 by weight. After mixing, the solution of
PDMS was degassed in a vacuum oven at room temperature for 30 min
to thoroughly remove the bubbles. Second, the plastic stick (diameter:
2 mm) was spirally winded by a silver-coated nylon yarn (outer
electrode) along its axial direction and then put into another plastic
tube mold (diameter: 3 mm). Third, the solution of the prepared
PDMS was syringed into the mold along the tube wall to slowly ﬁll the
tube, and then the tube was put in an oven for overnight at 80 °C to
thermally solidify the PDMS. Thus, the PDMS-encapsulated spiral
silver-coated nylon sheath TENG (thickness: 0.5 mm) could be
obtained by peeling oﬀ the outer plastic tube and pulling out the inner
plastic stick.
Characterization of the Energy Fiber. To characterize the
output measurement of the energy ﬁber, the contact-separation action
was applied by a commercial linear mechanical motor. VOC, ISC, and QSC
were measured by an electrometer (Keithley 6541 system). A custom
LabVIEW program was used to record the electrical output. A force
detector (YMC 501F01, 8 mm diameter) was used to sense the applied
force. The external force was also applied by the linear mechanical
motor, and the real-time pressure sensing based on the output of the
energy ﬁber was measured by an oscilloscope. The diameter of the
PDMS-coated outer sheath and SC ﬁber were measured by an
electronic digital micrometer (733 Series Electronic Digital Micrometers, L. S. Starrett).
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