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ABSTRACT: Broadening the application area of the triboelectric nano-
generators (TENGs) is one of the research emphases in the study of the
TENGs, whose output characteristic is high voltage with low current. Here we
design a self-powered electrospinning system, which is composed of a rotating-
disk TENG (R-TENG), a voltage-doubling rectifying circuit (VDRC), and a
simple spinneret. The R-TENG can generate an alternating voltage up to 1400
V. By using a voltage-doubling rectifying circuit, a maximum constant direct
voltage of 8.0 kV can be obtained under the optimal configuration and is able to
power the electrospinning system for fabricating various polymer nanofibers,
such as polyethylene terephthalate (PET), polyamide-6 (PA6), polyacrylonitrile
(PAN), polyvinylidene difluoride (PVDF), and thermoplastic polyurethanes
(TPU). The system demonstrates the capability of a TENG for high-voltage
applications, such as manufacturing nanofibers by electrospinning.
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Electrospinning is a powerful technique that uses an
electrically forced fluid jet to form nanofibers from a
polymer solution or melt.1−3 Due to the high specific

surface area and porosity,4,5 electrospinning nanofibers have
been extensively and maturely applied in drug delivery, tissue
engineering, filtration, and sensors.6−10 In the electrospinning
process, the high voltage not only charges the polymer solution
or melt at first but also assists the charged jet in overcoming the
surface force to eject onto the receiver and plays a vital role in
control of fiber morphology.11,12 The high voltage used in the
electrospinning process is usually provided by a DC power
source with a voltage ranging from several to tens of kilovolts,13

deeply dependent on the heavy hardware circuit and power
system, which seriously restricted the application scenarios of
electrospinning. Therefore, the development of an independent
power source for electrospinning is highly desirable.
Different from piezoelectric nanogenerators,14,15 the recently

invented triboelectric nanogenerators (TENGs) are based on
the triboelectrification and electrostatic induction,16−18 which
can convert various types of mechanical energy in our living
environment into electricity.19−21 By integrating with power
management circuits, TENGs have been proved to be a

promising sustainable power source in self-powered systems,
such as self-charging power units based on biomechanical
energy harvesting for wearable electronics,22−24 self-powered
human body motion sensors,25,26 self-powered wastewater
treatment,27,28 and self-powered multifunctional sensors.29 The
output characteristic of the TENGs is high voltage with low
current.30,31 Therefore, transformers are usually used for driving
low-voltage equipment by reducing the voltage while increasing
the current.32−35 However, many manufacturing equipment
needs higher voltage than the output of the TENGs, with lower
working current. Like electrospinning, the working voltage
ranges from several to tens of kilovolts, while the working
current is just several microamps.13,36

Here we report a self-powered electrospinning system, which
is composed of a rotating-disk TENG (R-TENG), a voltage-
doubling rectifying circuit (VDRC), and a simple spinneret.
The rationally designed system can execute the electrospinning
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process without any external power source. The R-TENG
works in the freestanding mode and can generate an alternating
current with an open-circuit voltage (VOC) of about 1400 V, a
short-circuit current (ISC) of about 5.5 mA, and maximum
instantaneous power of 1.08 W on the optimum external load
of 120 kΩ.37 To actuate the electrospinning process, a VDRC
was designed to obtain the desired high DC voltage. Under the
optimal configuration, a maximum constant DC voltage of 8.0
kV can be obtained and is able to power the electrospinning
system for fabricating various polymer nanofibers, such as PET,
PA6, PAN, PVDF, and TPU. The system demonstrates the
capability of TENGs for high-voltage applications, such as
manufacturing nanofibers by electrospinning. All used materials
are commercially available with low cost, and the entire
electrospinning system is self-powered. Our study not only
demonstrates the potential application of the TENGs in high-
voltage manufacturing equipment but also broadens the
application scenarios of electrospinning, especially in the field
or in remote places without an electric power supply.

RESULTS AND DISCUSSION

Structural design and photographs of the self-powered
electrospinning system are shown in Figure 1. The self-
powered electrospinning system is composed of an energy
harvesting and converting unit (R-TENG), a VDRC, and a
simple spinneret, as shown in Figure 1a. The structural design

of the R-TENG is shown in Figure 1b, which consists of three
layers: a layer of radial-arrayed Cu strips (rotator) as one
frictional material, a layer of fluorinated ethylene propylene
(FEP) film (50 μm thickness) as another frictional material,
and a layer of two sets of complementary radial-arrayed Cu
strips (stator) as electrodes. Both of the Cu layers were
prepared based on printed circuit board (PCB) technique (see
Methods section for the detailed preparation process of the R-
TENG). Figure 1c is a photograph of the rotator (left) and
stator (right) of the R-TENG. Figure 1d is a photograph of the
assembled hand-cranked R-TENG.
The working mechanism and electrical characterization of

the R-TENG are shown in Figure 2. As shown in Figure 2a, the
R-TENG works in the freestanding mode, and the electricity
generation process can be divided into three stages: initial state,
intermediate state, and final state.37,38 As the top Cu layer (on
the rotator) slides along the surface of the FEP film (on the
stator), triboelectric charges will generate and distribute on
their surfaces. The density of positive charges on Cu is twice as
much as the negative charges on the FEP according to the law
of charge conservation.39 At the initial state, when the rotator is
completely aligned with the left electrode, this electrode has
negative charges and the adjacent right electrode has the same
quantity of positive charges to keep an electrostatic equilibrium
(Figure 2a (i)). As the top Cu layer slides to the right electrode,
free electrons flow from the left electrode to the right electrode
via the external load (Figure 2a (ii)). At the final state, when
the rotator is completely aligned with the right electrode, the
charge distribution is just opposite the initial state (Figure 2a
(iii)). In the same way, when the top Cu layer keeps rotating, a
reverse current would be generated, forming a periodically
alternating current in the load.
To investigate the output performance of the R-TENG

quantitatively, a rotary motor was used to drive the R-TENG.
As shown in Figure 2b and c, the open-circuit voltage (VOC)
and the short-circuit current (ISC) of the R-TENG reach up to
about 1400 V and 5.5 mA, respectively. To investigate the
maximum output power of the R-TENG, the load matching
test was implemented as shown in Figure 2d. With the load
resistance increasing, the current decreases, while the output
power increases first and then decreases. When the external
load resistance is up to 120 kΩ, the output instantaneous power
reaches a maximum of 1.08 W. Figure 2e displays the charging
curves of different capacitors (1000, 4700, and 10 000 pF) by
the R-TENG through a bridge rectifier. The inset shows the
charging circuit diagram. It could be seen that although a larger
capacitor would take more charging time, all capacitors attain
800 V within a few seconds.
Obviously, because of the rotary freestanding mode with

grating structure and the large size,40,41 the output property of
the R-TENG is excellent. However, the required voltage in the
electrospinning process is a DC voltage ranging from several to
tens of kilovolts. Hence, the R-TENG that generates an AC
voltage with a peak value of 1400 V is apparently unable to
actuate the electrospinning process. To solve this problem, a
VDRC was designed. The working mechanism and electrical
characterization of the VDRC are shown in Figure 3. Figure 3a
shows the ISC of the R-TENG in one cycle, and Figure 3b
shows the circuit diagram of the VDRC, which is a regular
arrangement of diodes and capacitors. It is worth noting that
the VDRC works without an external power source. When the
output current is in the positive periodic, diode D1 is in the
forward conducting state. The current flows through D1 to

Figure 1. Structural design and photographs of the self-powered
electrospinning system. (a) Schematic illustration of the self-
powered electrospinning system. (b) Structural design of the R-
TENG. (c) Photograph of the rotator and stator of the R-TENG.
(d) Photograph of the hand-cranked R-TENG.
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charge the capacitor C1. In the ideal case, the voltage on C1
(V1) is equal to the output voltage of the R-TENG (VTENG),
with the cathode on the left while the anode is on the opposite
side. When the current is in the negative periodic, D1 is in the
reverse blocking state, while D2 is in the forward conducting
state. The current flows through D2 to charge the capacitor C2.

Based on Kirchhoff voltage laws (KVL), V2 is doubled
compared with VTENG, with the cathode on the left while the
anode is on the opposite side. Similarly, when the current is in
the positive periodic again, C3 is charged to V3, which is 2 times
bigger than VTENG, with the cathode on the left while the anode
is on the opposite side. Thus, if more couples of diodes and
capacitors were added in the circuit, after undergoing several
periods, charging capacitors repeatedly, every capacitor (except
C1) would be charged to 2VTENG, with the cathode on left while
the anode is on the opposite side. Therefore, at the two ends of
the capacitor pack, multiple DC will be gained finally.
In the actual situation, the Vout (two end sides voltage of the

top capacitor pack, Figure 3b) could not reach the theoretical
value due to the ohmic loss and the limited output power of the
R-TENG. Therefore, the relationship between Vout and the
amplifying multiple was investigated with the R-TENG as the
power supply. Here, the “amplifying multiple” is the theoretical
magnification of the VTENG, which is determined by the number
of diodes and capacitors in the circuit. For different capacitance
values, with the increase of the amplifying multiple, all the Vout
increase first and then keep steady (Figure 3c). It could be seen
that 22 is the optimal magnification in this work, which
generates output voltages of 7.0, 6.3, and 4.6 kV for different
capacitance values of 100 000, 1000, and 470 pF, respectively. It
also indicates that the capacitance value plays an important role
in the final Vout. The Vout values under an optimized amplifying
multiple of 22 with various capacitance values were measured to
obtain the optimal output (Figure 3d). In the ideal case, as long
as the withstand voltage of the capacitor is higher than 2VTENG,
the capacitance value has no effect on the final Vout. But in fact,

Figure 2. Working mechanism and electrical characterization of the R-TENG. (a) Schematic illustration of working principle of the R-TENG.
(b) Open-circuit voltage (VOC) of the R-TENG. (c) Short-circuit current (ISC) of the R-TENG. (d) Dependence of the output current and
instantaneous power of the R-TENG on the external load resistance. (e) Charging curves of different capacitors by the R-TENG through a
bridge rectifier. Inset: Charging circuit diagram.

Figure 3. Working mechanism and electrical characterization of the
voltage-doubling rectifying circuit (VDRC). (a) Output current of
the R-TENG in one cycle. (b) Working mechanism of the VDRC.
Output voltage of the VDRC (Vout) as a function of the (c)
amplifying multiple and (d) capacitance value.

ACS Nano Article

DOI: 10.1021/acsnano.7b05626
ACS Nano XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acsnano.7b05626


as shown in Figure 3d, the Vout increases first and then
decreases with the increase of the capacitance value. This is
because the output power of the R-TENG is limited, which
determines the final Vout. As shown in Figure 2d, the output
power reaches the maximum output power with the matched
external load. For the VDRC, different capacitance values mean
different external loads of the R-TENG. We conclude that
when the capacitance value is 1 × 104 pF, the equivalent load of
the VDRC is close to the matched external load of the R-
TENG. Therefore, the maximum Vout of 8.0 kV can be obtained
with the optimized conditions (capacitance value, 1 × 104 pF;
amplifying multiple, 22).
We investigated the performance of the self-powered

electrospinning system under different configurations, i.e., the
amplifying multiple and the capacitance value. The influence of
the amplifying multiple is presented in Figure 4, where the
capacitance value is 100 000 (1 × 105) pF. A photograph of the
self-powered electrospinning system is shown in Figure 4a. In
this experiment, polyethylene terephthalate (PET) was chosen
as the electrospinning solution because it is a widely used
polymer material with good physical and mechanical properties,
is acid and alkali resistant, and has fatigue durability and
dimensional stability.42 Before the electrospinning process, the
PET solution was loaded in a syringe connected with a needle
tip, and the positive electrode of the Vout was connected to the
needle tip as well. A piece of aluminum foil was connected to
the negative electrode of the Vout to collect the electrospun
nanofibers (see Methods section for the detailed preparation of

the electrospinning process). When the amplifying multiple is
22, a Taylor cone is triggered by the R-TENG, fabricating
plenty of PET nanofibers on the Al foil. Figure 4b and c are
photographs of the needle before and after the rotation of the
R-TENG. Since the amplifying multiple has a defining impact
on the Vout, it will greatly influence the amount and
morphology of the PET nanofibers. Figure 4d−i are the SEM
images of the PET nanofibers fabricated under amplifying
multiples of 6, 8, 10, 16, 22, and 28, respectively. The insets are
enlarged views of the PET nanofibers. During the course of the
experiment, we observed that consecutive Taylor cone will be
triggered only when the Vout is higher than a certain value. The
critical voltage for PET is 5.0 kV, which was measured by a
commercial electrospinning equipment. When the Vout is lower
than 5.0 kV, intermittent nanofibers can be triggered and the
obtained nanofibers are sparse, as shown in Figure 4d (3.0 kV),
Figure 4e (3.2 kV), and Figure 4f (3.7 kV). Due to the lack of
sufficient stretch under lower voltage, we can see that the
nanofibers are bent and some of them are intertwined with each
other. When the Vout is higher than 5.0 kV, the distribution of
nanofibers is dense and uniform, as shown in Figure 4g (5.4
kV), Figure 4h (7.0 kV), and Figure 4i (7.0 kV). The nanofibers
are straightened under the higher electrostatic force. Theoret-
ically, the diameter of nanofibers decreases with the increase of
voltage. But the change is not evident here because the voltage
has only a slight increase.43 It could be seen that when the
amplifying multiple is larger than 22, the fabricated PET
nanofibers are abundant with good shape.

Figure 4. Performance of the self-powered electrospinning system under different amplifying multiples. (a) Photograph of the self-powered
electrospinning system. (b, c) High-speed photographs of the needle before and after the rotation of the R-TENG. (d−i) SEM images of the
PET nanofibers fabricated under an amplifying multiple of 6, 8, 10, 16, 22, and 28, respectively, where the capacitance value in the VDRC is
chosen as 1 × 105 pF. Insets: Enlarged view of the PET nanofibers.
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The influence of the capacitance value is presented in Figure
S1 (Supporting Information), where the amplifying multiple is
set as 22. Figure S1a−f (Supporting Information) are the SEM
images of the PET nanofibers fabricated under different
capacitance values (470, 1000, 4700, 1 × 104, 1 × 105, and 1
× 106 pF), respectively. The insets are the enlarged view of the
PET nanofibers. It could be seen that the amount and
morphology of the PET nanofibers are excellent when the
capacitance value ranges from 1 × 104 to 1 × 105 pF. When the
capacitance value is too small, the charges stored in the
capacitors are not enough to guarantee a continuous electro-
spinning process. On the contrary, when the capacitance value
is too large, the VDRC will take a long time to achieve the
required high voltage. Based on the above analysis, it could be
concluded that the optimum configuration is obtained under
the amplifying multiple of 22 and capacitance value ranging
from 1 × 104 to 1 × 105 pF.
The electrospinning process of PET was recorded by a high-

speed camera (Movie S1, Supporting Information) and normal
digital camera (Movie S2, Supporting Information). To shoot
the whole charging and electrospinning process by a normal
digital camera, the R-TENG was operated by a rotary motor at
a rotation rate of 1200 rpm. A consecutive Taylor cone was
triggered by the system within 5 s after the operation of the R-
TENG. This continuous electrospinning process can also be
triggered by hand rotating within several minutes.
Figure S2a (Supporting Information) is the SEM image of

the PET nanofibers fabricated by the self-powered electro-
spinning system under an amplifying multiple of 22 and
capacitance value of 1 × 105 pF. Figure S2b (Supporting
Information) is the SEM image of the PET nanofibers
fabricated by commercial electrospinning equipment under a
voltage of 7 kV. It reveals that the nanofiber prepared by the
self-powered electrospinning system is comparable in quality to
that fabricated using a commercial electrospinning machine.
As shown in Figure 5, the introduction of the R-TENG made

it possible to harvest various kinds of mechanical energy. In
addition to PET nanofibers, the system is capable of
manufacturing various nanofibers that require a high voltage

less than 8.0 kV. Figure 5b−e are the SEM images of the PA6,
PAN, PVDF, and TPU nanofibers fabricated by the system
under an amplifying multiple of 22 and capacitance value of 1 ×
105 pF, which demonstrates the feasibility of the self-powered
electrospinning system.

CONCLUSION

In summary, the self-powered electrospinning system driven by
a TENG is achieved by the combination of an R-TENG, a
voltage-doubling rectifying circuit, and a simple spinneret. To
actuate the electrospinning process by the R-TENG, a VDRC is
designed and systematically investigated to obtain the optimum
configuration. Finally, under an amplifying multiple of 22 and
capacitance value of 1 × 104 pF, the system can output a
maximum constant DC voltage of 8.0 kV. The self-powered
electrospinning system exhibits excellent performance in the
manufacturing of various polymer nanofibers, such as PET,
PA6, PAN, PVDF, and TPU.
The self-powered electrospinning system driven by the R-

TENG is comparable with commercial electrospinning
machines and has the merits of simple structure, low cost,
light weight, high efficiency, and energy conservation, which
will bring a great breakthrough to the electrospinning
technique, especially in the field or in remote places without
an electric power supply. Typically, it has been proved that
polymer nanofibers can be directly spun onto the injured
location of skin to form a fibrous mat, which can not only
prevent bacteria from entering the wound but also allow skin to
breathe.11 The wound therapy does not need too many
nanofibers. It is feasible to treat skin wounds through short-
time, even intermittent electrospinning. Therefore, the self-
powered electrospinning system may have great potential
applications in wilderness therapy by laborious work in turn.
With an appropriate power management circuit, the TENG can
not only be used for powering low-voltage electronics but also
be applied for powering high-voltage manufacturing equipment.

Figure 5. Potential applications of the self-powered electrospinning system. (a) System diagram of the self-powered electrospinning system.
(b) PA6, (c) PAN, (d) PVDF, and (e) TPU nanofibers fabricated by the system under the amplifying multiple of 22 and capacitance value of 1
× 105 pF.
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METHODS
Preparation Process of R-TENG. The rotator of the R-TENG is a

collection of radial-arrayed Cu strips with a unit central angle of 3°, the
same as the center angles of intervals. Every complementary arrayed
sector in the stator is 3° with fine trenches between each other. As
shown in the inset of Figure 1b, one kind of sector is connected at the
outer ring, while the other kind of sector is connected at the inner ring,
forming two complementary electrodes. The substrates of the rotator
and stator are different, with flexible Kapton (100 μm thickness) for
the rotator and stiff glass epoxy (FR4, 2 mm thickness) for the stator.
The inner and outer diameters are 40 mm and 300 mm, respectively,
for both of them. Finally, the stator and rotator of the R-TENG are
installed onto a self-designed plastic fixture with a foam layer (4 mm
thickness) attached onto the rotator as a buffer to ensure intimate
contact between them.
Preparation of the Electrospinning Process. The solution

systems of the polymers used in the present work include a 12 wt % of
PET in a mixed solution of dichloromethane (DCM) and trifluoro-
acetic acid (TFA) with a volume ratio of 1:4, 14 wt % of PA6 in formic
acid, 11 wt % of PAN in dimethylformamide (DMF), 10 wt % of
PVDF in a mixed solution of DMF and acetone with a volume ratio of
7:3, and 21 wt % of TPU in a mixed solution of DMF and DCM with a
volume ratio of 5:1. Then, the electrospinning solution was loaded in a
10 mL syringe with a 24-gauge needle tip, which was connected to the
positive electrode of the Vout. The solution was pumped out of the
needle tip using a syringe pump with an injection rate of 0.3 mL/h. A
piece of aluminum foil was connected to the negative electrode of the
Vout to collect the electrospun nanofibers, with a tip-to-collector
distance of 5.5 cm. An electric heating lamp was utilized in the whole
electrospinning process.
Electrical Measurement and Characterization. The ISC was

measured by an electrometer (Keithley, 6514) that has a fast response
time (can record 1000 points per second) to monitor the real-time
changes of ISC at the rotation rate of 1200 rpm. But the VOC was far
beyond the detecting range of the electrometer. So the VOC was
measured by a noncontacting electrostatic probe (Trek-347), whose
response time is less than 3 ms for a 1000 V step. Before measuring,
one end of the VOC was grounded, while the other end was connected
with a Cu film that was placed below the probe at a distance of 3 mm.
This slow response time cannot monitor the real-time changes of VOC
at the rotation rate of 1200 rpm. A large number of studies have
proved that the amplitude of VOC remains stable regardless of the
rotation rate.39 So we measured the VOC at the rotation rate of 100
rpm. The Vout was also obtained by the noncontacting electrostatic
probe (Trek-347). The R-TENG was operated by a rotary motor (PC
Motor, 6IK180RGU-CF). The morphology of the as-prepared
polymer nanofibers was characterized by a Hitachi SU8020 field
emission scanning electron microscope, operated at 5 kV and 10 μA.
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