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A wave-shaped hybrid piezoelectric and
triboelectric nanogenerator based on P(VDF-TrFE)
nanofibers†
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Zongming Su,b Yonggang Jiangc and Haixia Zhang*a,b

A wave-shaped hybrid nanogenerator (NG) with mutually enhanced piezoelectric and triboelectric output

is presented in this work. By sandwiching piezoelectric P(VDF-TrFE) nanofibers between wave-shaped

Kapton films, the device forms a three-layer structure, which can generate piezoelectric and triboelectric

outputs simultaneously in one press and release cycle. Through systematic situational analysis and experi-

mental validation, the three-layer structure can achieve obvious improvement of the output performance

for both parts. When triggered with 4 Hz external force, the piezoelectric part generates a peak output

and current of 96 V and 3.8 μA, which is ∼2 times higher than its initial output. Meanwhile, the perform-

ance of triboelectric parts also increases 8 V and 16 V with the assistance of piezoelectric potential. The

enhanced high output enables the hybrid nanogenerator to instantaneously light up LEDs and charges

capacitors quickly, which shows extensive application prospects in the field of self-powered systems or

sensor networks.

Introduction

Among various renewable and sustainable power sources in
the ambient environment, mechanical energy is the most
widely distributed resource with numerous energy types and
scales, such as mechanical vibration, sound, rolling of tires,
walking, tides in the ocean. To solve the problem of increasing
energy crisis and achieving self-powering low-energy consump-
tion electronics, many kinds of methods have been exploited
for effectively converting mechanical energy into electricity,
including piezoelectric effect,1 electrostatic effect,2–4 electro-
magnetism,5 etc. As each type of generator has its own weak-
ness in practical applications, the concept of harvesting one
kind of energy by simultaneously using multi-type generators
has been promoted to improve the output of energy
harvesters.6–9 Since the output characteristic, matched resist-

ance and the working frequency of piezoelectric nanogenerator
(PENG) and triboelectric nanogenerator (TENG) are very
similar, the combination of both effects is promising to enhance
the energy conversion efficiency from the ambient environment.
The PENG has the advantages of flexibility and generation of
electricity from tiny deformations by employing functional
materials such as ZnO,10 lead zirconate titanate (PZT),11

BaTiO3,
12 polyvinylidene fluoride (PVDF) and its copolymers and

so on.13–17 Besides, the TENG initiated by ZL Wang’s group in
2012 can also achieve flexibility and high output by combining
contact electrification and electrostatic induction,18,19 making it
a potential choice as a power source for driving electronics or
self-powered active sensors for sensing the change of angle,20

humidity,21 ion concentration,22 etc.
In the previous work, simulation analysis of the coupling

between the piezoelectric and triboelectric effects has
been promoted showing that the output performance of
the piezoelectric–triboelectric hybrid nanogenerator can be
enhanced with proper structure design and polarization
directions.23 The coupling can be mainly divided into 3 types:

(1) Add the electrostatic charges directly onto the piezo-
electric material surface through contact with other material
to enlarge the piezoelectric potential difference between the
two surfaces of the piezoelectric film.24

(2) By sharing an electrode between the triboelectric and
piezoelectric parts, one can add the triboelectric charges onto
the PENG electrode, thus improving the PENG output.6,25
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and TENG, experimental verification of the simulation results, output perform-
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(3) Through rational structure design, the device can gene-
rate electric output based on these two effects individually in a
single press-and-release cycle, which can improve the
efficiency of energy conversion.26–28

However, all of these reported hybrid structures just
enhanced the potential at one side of the piezoelectric
material. As the polarization of the piezoelectric material is
constant, through rational structure design and material selec-
tion, the output of piezoelectric and triboelectric parts can be
further enhanced when both sides of the piezoelectric material
are adopted.

Based on the above ideas, we present a hybrid wave-shaped
nanogenerator with mutually reinforced piezoelectric and
triboelectric output. A wave-shaped structure is adopted for its
built-in space and self-recovery characteristics to increase
integration, which is very favorable in assembling TENGs,
especially for harvesting water wave energy.29,30 A flexible
piezoelectric P(VDF-TrFE) nanofiber film fabricated through
electrospinning is employed as a major component of the
PENG. For the high electric field intensity during the electro-
spinning process can induce the formation of β-phase crystal-
line in the P(VDF-TFE). There is no need to conduct the post
polarization process, which simplifies the fabrication pro-
cedure a lot.31–33 Besides, the P(VDF-TrFE) nanofibers are
much more flexible than the commercial PVDF film with the
same thickness. Thanks to the flexibility of electrospinning
nanofibers, the piezoelectric film can make contact with the
electrode conformally. Finite element method (FEM) simu-
lation and experimental tests are conducted to verify the ana-
lysis that triboelectric charges and piezoelectric potential can
induce charge reversal on the electrodes shared by the PENG
and the TENG, which is the main reason for improving output
performance of the device. Further systematic tests show that
the peak voltages of the PENG, the upper TENG and the lower
TENG can reach 96 V, 88 V and 361.27 V, respectively. For
applications, the device can light up 75 LEDs and charge
capacitors rapidly, verifying the validity of theoretical analysis
and structure design.

Experimental details
Fabrication of the piezoelectric P(VDF-TrFE) nanofiber film

The fabrication procedure of the piezoelectric P(VDF-TrFE)
nanofibers was based on a far-field electrospinning process.
P(VDF-TrFE) composites with a weight ratio of 75/25 were dis-
solved into the mixture of dimethyl formamide (DMF) and
acetone (40 : 60 weight%) at a concentration of 14%, and then
was ultrasonically treated at a temperature of 60 °C for 3 h
until the solution becomes homogeneous. Subsequently, the
solution was filled in a 1.0 ml plastic syringe and fed at a con-
stant speed of 1 ml h−1 through a micro pump. The positive
node of a high voltage supply was connected to the syringe
needle with application of a bias voltage of around 15 kV. A
grounded drum with a diameter of 10 cm covering of a copper
film was placed 7.5 cm away from the needle and set at a

rotation speed of 2000 rpm for collection of aligned nano-
fibers. After continuously collecting for about 2 h, the nano-
fiber arrays formed a film with a thickness of about 40 μm.
Then the nanofiber film is annealed at a temperature of 85 °C
for 2 h to further ensure the P(VDF-TrFE) transformation into
its β-phase.

Fabrication of the wave-shaped PENG

An array of glass rods with a diameter of 8 mm was employed
to fabricate the wave-shaped structure. The Kapton film
mounted onto the rods was placed into an oven and baked at
200 °C for 2 h. Then 200 nm Cu was sputtered on one surface
of the Kapton film to form an electrode and a lead wire was
connected to it as the output terminal. After that the as-spun
P(VDF-TrFE) nanofiber film was transferred and sandwiched
between two pieces of such Cu-Kapton films with the conduc-
tive copper face to each other for the fabrication of an
M-shaped PENG. The two Kapton films with a size of 5 × 5 cm
were fixed tightly and bonded together for forming excellent
contact with the piezoelectric film.

Assembling of the hybrid energy harvester

The outside Kapton films of the wave-shaped PENG were
employed as the friction layers of the upper and lower TENGs,
respectively. A conductive PET-ITO film, which was utilized
both as another friction surface and the conductive electrode
of the upper TENG, was directly fixed on the upper surface of
the wave-shaped PENG. A PDMS film was fabricated on the
PET-ITO surface through spin coating and was adhered to the
bottom surface of the Kapton film for forming another friction
layer of the lower TENG.

Measurement system

The bottom of the hybrid energy harvester was fixed to a
certain surface and the top was triggered by a vibration plate to
generate periodic deformation of the device. For output
characterization, the external force frequency is 4 Hz, while
5 Hz vibration was adopted in the charging capability test. The
output current of the device was measured by using a low-
noise current preamplifier (Stanford Research SR570) and all
the signals were recorded and displayed through a digital
oscilloscope (Agilent DSO-X 2014A).

Results and discussion

The structure diagram of the hybrid energy harvester is shown
in Fig. 1a consisting of three parts (the PENG, the upper and
lower TENGs) that are vertically aligned. The upper TENG is
composed of a PET-ITO film and a wave-shaped Cu-Kapton
film. The wave-shaped Cu-Kapton film works as one of the fric-
tion layer as well as a middle support structure. The conduc-
tive ITO film is utilized as both the electrode and the top fric-
tion layer as it is easy to lose electrons when it makes contact
with Kapton, thus forming a negative electron layer on the
surface of the Kapton film. The lower TENG is similar to the
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upper one except that a thin PDMS film is coated on the
PET-ITO film surface. PDMS is selected as the contact material
due to its stronger ability of attracting electrons compared to
Kapton in the triboelectric series,18 thus resulting in the posi-
tively charged surface of the Kapton film. The difference of the
charge types between the two surfaces of the Kapton film is
critical for the enhancement of piezoelectric output perform-
ance. The middle part (i.e., the PENG) of the device is com-
posed of the piezoelectric P(VDF-TrFE) nanofiber film as
shown in Fig. 1b and c, which is tightly sandwiched between
the two Cu-Kapton films. The P(VDF-TrFE) nanofibers are
obtained by a far-field electrospinning process with a thick-
ness of 40–80 μm, depending on the collection time duration.
The average fibre diameter for materials studied here is
450 nm, with a distribution that appears in Fig. S1(a).† Thanks
to the excellent flexibility of the P(VDF-TrFE) nanofiber film,
the piezoelectric part can be fixed to a wave-shaped structure,
meanwhile, retaining the ability of quick shape recovery under
deformation, which assures the output performance of the
whole device. The X-ray diffraction (XRD) pattern of the

as-spun P(VDF-TrFE) nanofibers is shown in Fig. 1d with a
peak identified at 19.9°, corresponding to the dominant
β-phase in the P(VDF-TrFE), which is crucial for the piezo-
electric output. The Fourier transform infrared (FTIR) spectra
shown in Fig. S1(b)† also confirms this conclusion. The
prepared hybrid energy harvester possesses the advantage
of flexibility and a small volume with a uniform size of 5 cm ×
5 cm × 0.5 cm, as revealed in Fig. 1e.

Working principle

Fig. 2 demonstrates the working mechanism of the hybrid
energy harvester. The mechanism of hybridization is derived
from the above mentioned type 2 situation except that the
electrostatic charges added to the PENG electrode are induced
by the triboelectric charges on the friction layer of the TENG
instead of that directly added to the PENG electrode. At the
initial state, no charges exist on the surfaces of electrodes (ITO
and Cu) and polymers (Kapton and PDMS). After a few cycles
of contact and separation, the upper TENG accumulates nega-
tive charges on the surface of the Kapton film and the same
amount of positive charges on the ITO film while the lower
TENG gains positive charges on the surface of the Kapton film
and the equal negative charges on the surface of PDMS due to
the different electron affinities (Fig. 2a). Because of the con-
nection between two electrodes in each generator, the charges
on the electrodes will redistribute in order to screen the
electric field of triboelectric charges and reach equilibrium as
shown in Fig. 2b. When an external impact is applied on the
top surface, the wave-shaped Kapton films is pressed in the
vertical direction and the gaps between the two friction layers
decrease in the upper and lower TENGs. As a result, the poten-
tial difference is diminished between the ITO electrode and
Cu on the Kapton film in the upper TENG, driving positive
charges to flow from the Cu electrode to the ITO electrode.
Similarly, the potential difference between the electrodes in
the lower TENG is also decreased but the positive charges flow
in the opposite direction (i.e., from the ITO electrode to the Cu
electrode on the Kapton film). Meanwhile, the deformation in
the wave-shaped structure causes the polarization of the piezo-
electric nanofiber film, as shown in Fig. S2,† which makes the
top surface of the P(VDF-TrFE) film have a higher potential
than the bottom one. This piezoelectric potential can affect
the charge distribution between the two Cu electrodes, indicat-
ing that positive charges tend to transfer from the upper Cu
electrode to the bottom Cu electrode. Under the influence of
the upper TENG, the lower TENG and the middle PENG, the
charges flow forward in external circuits, as shown in Fig. 2c.
When the wave-shaped spacer is pressed to the limit, the two
friction layers of each TENG make contact with those of the
other and the TENGs reach equilibrium. However, the defor-
mation of the piezoelectric film reaches the highest value, thus
generating the strongest piezoelectric potential difference
between the two surfaces of the P(VDF-TrFE) film. The parti-
cular polarization direction of the piezoelectric film leads to
the reverse of the charge polarity on the two Cu electrodes,
which is shown in Fig. 2d. At this state, the charge distribution

Fig. 1 Structure design of the hybrid NG. (a) Schematic view of the
device. (b) SEM image of the fabricated nanofibers. (c) The magnified
SEM images of the nanofibers. (d) XRD analysis of the P(VDF-TrFE)
nanofibers. (e) Photograph of the fabricated device.
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is mainly induced by the piezoelectric effect. Once the external
force is released, the compressed Cu-Kapton film tends to
recover to the initial state owing to the elasticity of the
designed wavy structure. Consequently, the electric potential
difference is generated between the two electrodes of each
TENG while the piezoelectric potential decreases, driving the
charges to flow back through external circuits (Fig. 2e). During
this process, the hybrid NGs react on the electrons together.
When the impacted wave-shaped structure reverts to the initial
state, the effect of piezoelectric potential disappears and tribo-
electric charges on the Kapton film will attract or repulse most
of the charges to or from the Cu electrode. The charge distri-
bution recovers to the initial state as shown in Fig. 2b and will
repeat the cycle from Fig. 2b–e under periodic external impact,
thus driving the electrons to go back and forth in the external
circuits. The separate enhancement principles of the PENG
and TENGs (i.e. the triboelectric charges enhance the output
of the PENG and the piezoelectric potential enhances the
output of TENGs) as well as the interface circuit of the device
are shown in Fig. S2.†

Design for the output performance enhancement

Because the working principle and output characteristics of
the PENG and TENG show high similarity, the combination of
these two types of nanogenerators can bring enhancement of
the output through the interaction of the triboelectric and
piezoelectric potential. To verify this, FEM simulation is
employed to numerically solve the potential and charge distri-
butions of the hybrid system (Fig. 3). The configuration of the

model is the same as the real device except that the wave-
shaped piezoelectric film is simplified to a flat film, which
better demonstrates the interaction of the piezoelectric and
triboelectric effect. The lower surface of top PET-ITO and the
lower surface of bottom Kapton are charged with a density of
10 μC cm−2, respectively, while the upper surface of the top
Kapton with a negative charge density of −10 μC cm−2. In
order to clarify the enhancement effect of the hybrid design,
the comparison among three types of charge configuration
(only with piezoelectric polarization, only with triboelectric
charges and the hybrid mode) is conducted, as shown in
Fig. 3a. In the only piezoelectric (PE) polarization mode
(Fig. 3a(i)), there is no potential difference in all the electrodes
when the device is separated. Similarly, the potential is zero in
all the electrodes in the compressed devices when there are
only triboelectric (TE) charges (Fig. 3a(ii)). In the hybrid mode
(Fig. 3a(iii)), when the gap is zero, the upper Cu electrode has
a positive potential while the lower one has a negative poten-
tial due to the piezoelectric effect. In contrast, the potential
distribution is inversed on these two electrodes because of the
electrostatic induction caused by the triboelectric charges,
therefore, more electrons can be driven in the external circuit
owing to the larger potential difference between the electrodes
in every NG.

Fig. 3b reveals the variations of potential difference in each
NG (Fig. 3b(i) for the PENG, Fig. 3b(ii) for the upper TENG and
Fig. 3b(iii) for the lower TENG) as the changes of the gap
distance in these three situations. The red line in every graph
represents the potential difference of each NG when there is

Fig. 2 Working principle of the hybrid NG. (a) Triboelectric charges are generated on the surface of friction layers after several cycles of contact
and separation. (b) Released state. The charges reach equilibrium under the electrostatic induction of triboelectric charges. (c) Pressing state.
Piezoelectric potential and triboelectric charges simultaneously drive charges to move forward in the external circuits. (d) Pressed state. The
charges reach equilibrium induced by piezoelectric potential. (e) Releasing state. Piezoelectric potential gets weakened, driving charges move back
through the external circuit.
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only PE polarization. The green line is the potential difference
when there are only TE charges while the blue line represents
the hybrid situation. It is worth noting that, the potential
difference changes for every NG in the hybrid mode are larger
than the sum of the two individual modes that is caused by
the superposition effect of the piezoelectric and triboelectric
potential.

Comparative tests are conducted to verify the conclusion of
FEM simulation as shown in Fig. S3.† We coated the PET-ITO
with the Kapton film in the two TENGs to verify the only PE
situation as little triboelectric charge will be generated
between the same friction material. P(VDF-TrFE) nanofibers
are replaced by paper to verify the only TE situation, therefore
no piezoelectric potential will be generated when the device is
pressed. The test results are shown in Fig. 3c. As for the PENG
part, the peak–peak voltages are 47.8 V, 64 V, and 96 V for the
only PE mode, only TE mode and hybrid mode, respectively
(Fig. 3c(i)). For the upper TENG, the output voltage is 10.1 V

when there is only piezoelectricity, 86 V when there is only
triboelectrification and increased to 88 V when the two parts
work together (Fig. 3c(ii)). As shown in Fig. 3c(iii), because of
the huge discrepancy between the output of the PENG and the
lower TENG, the hybridized output voltage is almost the same
with the only TE mode (i.e., 361.27 V).

In summary, the enhanced output of each NG consists of
two parts. The first part is the original piezoelectric or tribo-
electric output. The second part is the induced charges on the
electrode caused by the triboelectric charges or the piezo-
electric potential, which contribute to the enhancement.

Output characterization

Before the measurement of the device, the output performance
of the wave-shaped P(VDF-TrFE) nanofiber film is evaluated to
verify its piezoelectric performance and verify the polarization
direction, which is shown in Fig. S4 and S5.† To quantitatively
evaluate the output performance, the electric output of the

Fig. 3 (a) Simulated potential differences on each electrode under the effects of piezoelectric (i), triboelectric (ii) and hybrid effect (iii).
(b) Simulated potential differences between the two electrodes of PENG (i), upper TENG (ii) and lower TENG (iii) under three effects. (c) Measured
output voltages of PENG (i), upper TENG (ii) and lower TENG (iii) in three situations.
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hybrid NG was systematically measured under periodic exter-
nal force, as shown in Fig. 4. The bottom of the device is fixed
to a certain surface while the top surface is triggered by a sinu-
soidal vibrating plane. For the output voltage and current
measurement, the vibration frequency is set to 4 Hz and the
displacement amplitude of the top surface is 0.4 cm, which
just corresponds to the thickness of the device. Given that the
device is composed of three energy harvesting parts, we charac-
terize their electric output individually. As shown in Fig. 4a–c,
the peak voltages of the PENG, the upper TENG and the lower
TENG of the device reach up to 96 V, 88 V and 361.27 V with a
load resistance of 100 MΩ, respectively. This high PENG
output is owing to the hybridization of the PENG and TENGs,
which has been discussed before. The output voltage of the
TENG can be derived from the equation:34

V ¼ � Q
Sε0

ðd0 þ dÞ þ σd
ε0

ð1Þ

where ε0 is the permittivity of air, σ, d, d0, are the charge
density, gap distance changes and effective gap distance of
friction layers, S and Q are the area and transfer charge of the

TENG. The large output imparity between the two TENG parts
(the value for the bottom one is about 4 times that of the
upper one) is mainly due to the friction property differences of
ITO and PDMS materials as well as the structure design. When
the device is in the released state, the M-shaped Kapton film
at a larger distance with the PDMS film compared with the
ITO film. For the output current, all parts are measured using
a 1 Ω external resistance. As shown in Fig. 4d–f, the peak
current of the PENG, the upper TENG and the lower TENG are
3.8 μA, 3.68 μA and 10.85 μA, respectively. The current differ-
ence between the PENG and the lower TENG is not as large as
the voltage, owing to the fact that the PENG has a relatively
lower equivalent resistance than that of the lower TENG.3 The
specific relationship between the measured signals of the
device in one single cycle and the working mechanism is
shown in Fig. S6.†

To investigate the dependence of the output power of the
three NGs on load resistance, the output current and power
values under 5 Hz external force are measured with different
resistances (ranging from 100 kΩ to 1 GΩ) connected in
the circuit (Fig. 4g–i). For all the parts, the output current

Fig. 4 Output characterization. The output voltage of the PENG (a), upper TENG (b) and lower TENG (c). The output current of the PENG (d), upper
TENG (e), and lower TENG (f). Instantaneous power changes with the increasing load resistance for the PENG (g), upper TENG (h), and lower
TENG (i).
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continuously decreased with the increase of the resistance. In
comparison, the instantaneous output power reaches a
maximum value at a certain resistance, that is, 22.18 μW at 30
MΩ for the PENG part, 28.67 μW at 70 MΩ for the upper TENG
and 441 μW at 100 MΩ for the lower TENG, respectively.

Applications

To demonstrate the practical applications in powering micro-
electronic devices, the output voltage of the hybrid energy
harvester is first rectified to instantaneously light up commer-
cial light-emitting diodes (LEDs) (Fig. 5a). The hybrid energy
harvester is a four terminal device with two Cu electrodes
shared by the PENG and TENGs. To avoid charges cancelling
each other between different nanogenerators, rectifiers are
used for each part to achieve electrical isolation. Fig. 5b–d
show the rectified voltages and lighted LEDs of the PENG part,
the TENG parts (the parallel connection of the upper TENG
and the lower TENG) and the whole device, respectively. Under
the periodical external force, partial of the LEDs are lighted up

by the PENG due to the limited output. Although all the
75 LEDs can be lighted by the TENG part, the brightness is not
as high as in the case where all three parts are connected. In
more practical situations, the microelectronic devices require a
constant DC source to be powered up. In that case, the pulse
output of the generators need to be stored in a capacitor or
Li-battery. Therefore, charging ability of the hybrid NGs is tested
as shown in Fig. 5e. In the experiment, a 5 Hz external force is
applied to the device. Then the generated voltage is rectified to
continuously charge a 1 μF capacitor. During the charging time
of 1 min, voltages of 3.9 V, 19.2 V and 25 V are achieved for the
piezoelectric part, the triboelectric part and the whole device,
respectively. These demonstrations prove the capability of the
hybrid energy harvester as a sustainable power source.

Conclusion

In summary, we design a flexible hybrid energy harvester
based on piezoelectric and triboelectric effects as a sustainable
power source. By employing flexible P(VDF-TrFE) nanofibers
and the thermally shaped Kapton film to form a wave-shaped
supporting structure, we combine the piezoelectric NG and
triboelectric NG together and achieve the effect of interaction
enhancement. Under a 4 Hz periodic external force, the piezo-
electric NG can generate a peak voltage and current of 96 V
and 3.8 μA, respectively. For the upper TENG, the output
voltage is 88 V and the current is 3.68 μA, while the values are
361.27 V and 10.85 μA, respectively. Through FEM simulation
and experiment verification, the output of the PENG is
enhanced by almost 2 times (from 47.8 V to 96 V) by combin-
ing with triboelectric charges. Similarly, the output of the
triboelectric part also benefits from the piezoelectric potential,
increasing from 80.27 V to 88.33 V for the upper TENG and
from 345.4 V to 361.27 V for the lower TENG. This is a simple
and cost-effective method that realizes the output enhance-
ment of both the piezoelectric and triboelectric NGs. The high
output enables the hybrid energy harvester to be used as a
power source for lighting LEDs or charging capacitors, which
shows great potential in the field of self-powered systems or
sensor networks.
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