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Abstract

With the rapid development of portable electronics, exploring sustainable power
sources is becoming more and more urgent. Utilizing a nanogenerator to harvest
ambient mechanical energy could be an effective approach to solve this challenge. In
this work, a novel spring-assisted hybrid nanogenerator (HG) consisting of a
triboelectric nanogenerator (TENG) and an electromagnetic generator (EMG) was
developed for harvesting low-frequency vibration energy. The results show that
TENG with PTFE surface nanostructure has better output performance than that

without the nanostructure. The effect of operation frequency on the open-circuit

voltage and short-circuit current of the TENG and EMG is systematically investigated.

Under a 2 Hz operating frequency, the EMG and TENG are able to produce a peak
power of about 57.6 mW with a resistive load of 2000 Q and 1682 uW with a resistive
load of 50 MQ, respectively. The impedance matching between TENG and EMG can
be realized by using transformer to reduce the impedance of TENG. The charging
performance of the HG is much better than that of the individual EMG or TENG. The
HG enabled us to develop a self-powered safety system and to power LEDs, and drive
some electronic devices. The present work provides a superior solution to improve the

output performance of HG for harvesting low-frequency vibration energy.
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Introduction

With the increasing threats of fuel shortages, energy crises and environmental
pollution, scavenging new and green energy sources from our natural environment has
attracted considerable interest'”. Mechanical energy is widely available from many
sources in the environment, and can be harvested at many scales. There are many
principles that can be utilized to turn mechanical energy into electrical energy,
including electromagnetic induction®*, the electrostatic effect™® and the piezoelectric
effect’!!. EMGs have long been used for power generation because of their excellent
stability and high output power, which has the characteristic of small output
impedance with high current but low voltage. In brief, nanogenerators are the devices
that generate electricity from the change of dielectric polarization caused by surface
electrostatic charges, whether or not nanomaterials are employed'>'>. When the
surface charge comes from triboelectric effect, the nanogenerator can be defined as
triboelectric nanogenerator (TENG). Although nanoscale materials are not essential, it
has been reported that surface nanostructures of friction layer in TENG favor the
improvement of output performance'*'®. TENG based on the coupling of the
triboelectric effect and electrostatic induction is a newly discovered method for

. . . 1921 2224
harvesting mechanical energy, such as wind power =, wave power ™~ , water

25-27 . 28-31
power™ "', and human motion power

. TENG have attracted great attention
because of their high output energy and conversion efficiency, ease of manufacture,
simple design and low material cost’>>*. Compared with electromagnetic generator
(EMG), TENG has large output impedance and produces high voltage but low
current.

It is expected that a hybridization of TENG and EMG could take advantage of

the complimentary output characteristics of each type of generator. The hybridization
3
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of two separate energy harvesting modes means that more electrical energy can be
extracted from one mechanical movement, improving the ability to power a variety of
devices. Spring structures are commonly used for TENGs which harvest mechanical
motion using contact-separation mode®>°. Spring-assisted hybrid nanogenerator (HG)
composed of TENG and EMG components have been developed for harvesting
mechanical energy, however, for a spring-assisted hybrid nanogenerator using vertical
contact-separation motion, it can’t ensure that the two friction surfaces of TENG are
in full contact with each other. Moreover, the output of the HG is obviously reduced
when the vibration amplitude of spring is smaller’’*. For the HG composed of TENG
and EMG, the magnet generally move outside the coil or the coil turns in a fixed
magnetic field, therefore, it is not easy to maximize the variation of magnetic flux in
the coil so as to improve the output of EMG’>’. Hu et al. have reported a HG
composed of TENG and EMG by using the principle of repulsion in the same polarity
between two magnets, but its work frequency is above 2 Hz'. Zhang et al. have
designed a novel HG as in-plane energy harvester, whose output power is still low*'.
To effectively capture low frequency vibration energy, further investigation of
advanced structural design and device performance characterization are still needed.
In this paper, we report a spring-assisted HG with a novel structure that includes
a TENG and an EMG, which were placed in the middle of the spring to form a body.
The sliding mode of the TENG is used to ensure the two energy harvesting units can
simultaneously scavenge low frequency energy, regardless of the vibration magnitude
of the spring. The TENG consists of three concentric tubes, which effectively
increases the friction area and improves the output performance of the nanogenerator
for a given device volume. The EMG structure is designed to maximize the variation

of magnetic flux in the copper coil, favoring the electrical output of the EMG. The
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open-circuit voltage (V,.) and short-circuit current (I) of the TENG with three
concentric tubes is 632 V and 12.2 uA, respectively, and the largest output power was
1682 uW (power per unit volume: 17.16 xW/cm®) at a frequency of 2.0 Hz, which can
directly light up 40 green commercial light-emitting diodes (LEDs) in series. Under
the same mechanical motions, the EMG portion of the device produced a V,,. of about
54V, and an I, of 36 mA. The maximum power produced by the EMG was 57.6
mW (power per unit volume: 2.35 mW/cm®), which can directly light up forty LEDs
in parallel. The total electrical energy produced by the HG can be stored in a capacitor
or continuously power a digital temperature-humidity meter (DTHM), a liquid crystal
display (LCD) with a complex picture, and a wireless alarm system for a bicycle.
Furthermore, the current in the copper coils and in the spring of the HG will generate
a new magnetic field, which will create a force that counteracts the movement of the
device. This counteracting force can slow down the movement of the spring, thereby
generating a dynamic damping effect to protect the electronic devices and equipment

from shock damage.

Experimental Section

Fabrication of the spring-assisted HG

First, two commercially available cylinders of aluminum alloy were prepared with
diameters of 5 cm and heights of 5.5 cm. One of the cylinders was machined into
three connected concentric tubes with diameters of 4, 3.2 and 1.2 cm, respectively, all
with a length of 5 cm and a wall thickness of 0.1 cm. The other cylinder was
machined into two connected-concentric tubes with diameters of 3.6 and 2.8 cm, each
with a length of 5 cm and a wall thickness of 0.1 cm. Next, a cylinder made of

Polytetrafluoroethylene (PTFE) with an outer diameter of 3.8 cm and length of 5 cm
5
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was processed into three separate tubes with external diameters of 3.8, 3.4 and 3.0 cm,
respectively. The PTFE cylinders had a length of 5 cm and a wall thickness of 0.1 cm.
The three PTFE tubes worked as the friction layers and were embedded into the
aluminum alloy tubes. The aluminum tube with outside diameter of 3.6 cm serves as
one electrode of the TENG, while the aluminum tube with an outside diameter of 4.0
cm serves as both a friction layer and other electrode of the TENG. The copper coils
were fixed to the aluminum tube with an outer diameter of 1.2 cm, and the magnet rod
was placed in the center of the aluminum tube with an outer diameter of 4.0 cm. The
two terminals of the copper coil were used as the two electrodes of the EMG. Finally,
a spring with an outer diameter of 5 cm and a length of 9 cm was fixed to the two

interlocking aluminum tubes using hot glue.

Fabrication of Nanostructure on PTFE Surface

The PTFE with nanostructures was fabricated by using inductively coupled plasma
(ICP) etching. First, PTFE tube was cleaned with acetone, ethyl alcohol, and DI water,
respectively, and then blown dry by compressed nitrogen gas. Second, including the
PTFE tube with a flexible mask, the exposed PTFE surface was treated with one
power source of 400 W to produce a density of plasma, and another 100 W was used
to accelerate the plasma ions for 30 seconds, while Ar, O,, and CF, gases were
introduced at flow rates of 15.0, 10.0, and 30.0 sccm, respectively. Finally, the surface
of the PTFE will produce particle-like nanostructures because of ICP reactive ion
etching. The surface morphology of the outer wall of the PTFE tube was characterized

by field emission scanning electron microscopy (SEM, JSM-7001F).

Electrical measurement of the HG
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The open-circuit voltages, short-circuit currents and short-circuit transferred charges
of the devices were measured by a Keithley 6514 system electrometer. The HG was
driven by a linear motor and its output performance was measured at different
operation frequencies. The measurement software platform was made by LabVIEW,

which is capable of enforcing real-time data acquisition control and analysis.

Results and Discussion

Structural design and working principle

Fig. 1a and d shows a schematic diagram and a photo of the HG, respectively. A
complete drawing of the assembled HG is shown in Fig. 1b. Fig. 1c indicates SEM
image of the outer wall of the PTFE tube with the surface nanostructures. The SEM
image of the PTFE without surface nanostructures is shown in Fig. S1. The TENG
operates in sliding mode by the relative displacement between the PTFE and the
aluminum alloy tubes. This unique structure design enables the copper coils to cut
magnetic lines more fully, resulting in a relatively large variation of magnetic flux in
the coils and thus good electrical output from the EMG.

The cutaway drawing in Fig. 1e illustrates the electricity generation mechanisms
of the TENG-EMG hybrid nanogenerator. These mechanisms are magnetic flux for
the EMG, and short-circuit current and charge distribution for TENG. The initial state
(Fig. 1e-1), the intermediate state (Fig. 1e-ii) and the final state (Fig. le-iii) are defined
by the relative displacements between the two halves of the device (tube A and B) as
the spring moves up and down. At the initial, intermediate, and final state, there is no
overlap, some overlap and complete contact, respectively. The intermediate state is
defined as the transitional process when tube A and tube B experiences apparent

relative displacement. Likewise, the tube B in the initial and final states are wholly
7
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misaligned and aligned with the tube A, respectively. At the intermediate state, the
aluminum alloy with positive triboelectric charges is displaced relative to the PTFE
which has negative triboelectric charges. Meanwhile, the magnetic flux crossing the
copper coil will be enhanced when the magnet moves from the initial state to the
intermediate state, resulting in an inductive electromotive force in the copper coils. In
light of the Lenz’s law, the induced current in the copper coils will generate a new
magnetic field, which can hinder the increase in magnetic flux across the coil.
Similarly, the transition from the intermediate state to the final state induces a current
flowing in the same direction as that from the initial state to the intermediate state for
both the TENG and the EMG. In contrast, the transition between the final state and
the next initial state induces a current flow in the opposite direction for both the

TENG and the EMG.

Output performance of the HG

To characterize the hybrid device for ambient mechanical energy harvesting, the
output performance of both the TENG and EMG were measured and analyzed using a
programmable linear motor. Tube B of the HG was directly mounted on the linear
motor, and the moving distance of the motor was fixed. Fig. 2a-d provides a clear
quantitative comparison of the electrical outputs of the TENG with and without the
surface nanostructures of PTFE at different operation frequencies. As shown in Fig.
2a and 2b, the peak value of the V,. and ;. for the TENG without the nanostructures
increases from ~ 323 to ~ 396 V and from ~ 1.7 to ~ 6.7 uA, respectively, with
operation frequencies increasing from 0.4 to 2.0 Hz. As shown in Fig. 2¢ and 2d, the
peak value of the V,. and /. for the TENG with the nanostructures increases from ~

536 to ~ 632 V and from ~ 3.5 to ~12.2 A under the same operation conditions,
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indicating the V,. and I, of TENG with the nanostructures enhanced by almost
two-folds compared to the TENG without the nanostructures. This is due to that the
surface nanostructures of PTFE will bend when the device vibrates, the bending
deformation and sliding movement of the nanostructures can improve the surface
charge density of contact electrification by increasing the surface area between the

42,43

sidewall of bent nanostructures and the opposite electrode™ ", as seen from Fig. S2

and S3 at the frequency of 2 Hz. Thus, the output performance of the TENG enhanced
with increasing surface charge density™**.

The effect of operation frequency on the open-circuit voltage and short-circuit
current of the TENG with the nanostructures and the EMG is systematically further
investigated. The V,. and I, of the TENG operated at a frequency of 2.5 Hz are
shown in Fig. S4. Further increasing the operating frequency from 2.0 to 2.5 Hz does
not produce a significant increase in voltage. The V,. has a small increase from
approximately 536 to 632 V with the rising frequency, which is consistent with the
theoretical expectation that V,. is mainly determined by the displacement. The
variation of V,, with respect to operation frequency in this case (Fig. S5a) is similar to
that reported in the literature'®*. The dependence of short circuit transferred charges
on frequency is shown in Fig. S3. It is clear that the transferred charge has a slight
increase from 250 to 280 nC with the increasing frequency.

The I for the TENG increased with increasing frequency from 0.4 to 2.5 Hz,
and unlike V,., continued to increase from 12.2 to 13.6 uA when the frequency
increased from 2 to 2.5 Hz. A higher frequency is easily to bring about faster rates of
contact and separation of the friction surfaces and could induce more transferred
charges for a given time period compared with a lower frequency. From previous

4748

studies” ™", the /-Q relationship for the TENG can be given by the following equation:
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aQ as(x)
ITENG = St = 5 2 (1)

Where Q. is the amount of short-circuit transferred charge, x, o, and S are sliding
displacement, the surface charge density and the contact area of the two triboelectric
layers, respectively. According to this equation, the /. is nearly proportional to sliding
speed and has been demonstrated to enhance linearly with the increase of frequency,
which is in line with our experimental results (Fig. S5b). The vibration frequency of
the spring in the HG is calculated to be about 10.4 Hz and the detailed calculation
process can be seen in Supporting Information. The dependence of the V. and /. of
the TENG on frequency is reasonable since the operating frequency is far below the
resonance frequency.

Fig. 2e and 2f exhibit the open-circuit voltage and short-circuit current of the
EMG under different operation frequencies, indicating that both the V.. and I
increase with increasing operation frequency up to 2 Hz. The V. and ;. of the EMG
increase from ~ 0.8 to ~ 5.4 V and from ~ 1.2 to ~ 36 mA, respectively. On the basis
of Faraday's law of electromagnetic induction, the relationship between open-circuit

voltage and magnetic flux of the EMG can be expressed as

dd
VEME = —n 22 @)

Where 7 is the number of turns and d¢/dt is the change rate of magnetic flux in the
copper coils. For the spring-assisted electromagnetic generator, the internal resistance
R of the copper coil is constant. The moving rate of the spring increases with
increasing frequency during operation of the HG, resulting in faster movement speed
of the magnetic rod in the copper coils. Therefore, the magnetic flux in the coils
changed quickly, which leads to an increase of electromagnetic induction current.
According to the Ohm’s law, the current is proportional to the output voltage, so the

output current of the EMG is also strongly related to the operation frequency and has

10
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a similar variation trend as the output voltage. The dependence of V. and I on the
operation frequency of the EMG is indicated in Fig. S5¢ and S5d, from which an
approximate linear relationship with the frequency can be observed, in accordance
with Faraday's law.

To quantitatively study the output performance of the hybrid nanogenerator, the
sliding displacement dependence of the output performance of both the TENG and
EMG were measured and analyzed at the operation frequency of 2 Hz. As shown in
Fig. 3a and 3b, the peak value of the V,.and /. for the TENG increases from ~ 241 to
~ 632 V and from ~ 3.1 to ~12.2 nA, respectively, for sliding displacement increasing
from 1.0 to 4.0 cm. From Fig. 3a and 3b, it is obvious the V,. and I of the TENG
increases significantly with the increase of sliding displacement. Seen from Fig. 3c, it
can be observed that the values of V,. and /. have approximate linear relationship
with the sliding displacement of the TENG. For the EMG part, the V,.and I of the
EMG increase from ~ 1.52 to ~ 6.4 V and from ~ 9.2 to ~ 36 mA with the increase of
sliding displacement ranging from 1 to 4 cm, respectively, as shown in Fig. 3d and 3e.
The sliding displacement of the Tube A of the TENG also represents the motion
distance of the magnet since and the magnet is fixed on Tube A. According to Eq 2
and the aforementioned analysis from Fig. 2d and 2e, the V,.and /. of the EMG are
proportional to the change rate of magnetic flux. For the current case, it is evident that
the magnetic flux in the coil increases with the increase of the displacement distance
of the magnet at the operation frequency of 2 Hz. Therefore, the V,.and I, of the
EMG increase with the increase of the sliding displacement. From Fig. 3f, it is
demonstrated that the values of V,. and /. of EMG enhance linearly with the increase
of sliding displacement. From the above analysis, we can conclude that the sliding

mode could ensure the two energy harvesting units scavenge low frequency energy

11
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simultaneously in our hybrid device even at relatively low vibration magnitude of the
spring. In other words, our novel HG worked in sliding mode has relatively large
electrical output under low vibration magnitude, which is different from the
spring-assisted hybrid nanogenerator worked in vertical contact-separation mode®”*.
The output power of nanogenerator is maximized when they are connected to a
matched external load. Consequently, the output performance of the TENG and EMG
were evaluated separately with various load resistances at an operating frequency of 2
Hz. As reflected in Fig. 4a, as the external resistance load increases, the output
voltage for the TENG increases and the output current decreases. The largest
instantaneous peak power for the TENG reached 1682 uW with a volume power
density of 17.16 xW/cm® at a loading resistance of 50 M€, as depicted in Fig. 4b. The
maximum instantaneous peak power density for the TENG is comparable with other
literatures*””’. The performance of the EMG was also estimated with different
external resistance values. As illustrated in Fig. 4c, when the external loading
resistance increases from 100 to 14000 €, the output voltage increases and the output
current decreases significantly. The instantaneous output power is maximized when
the external loading resistance is increased to 2000 €. The largest instantaneous
power is 57.6 mW with a volume power density of 2.35 mW/cm’, as presented in Fig.
4d. The output power of the EMG in this work is higher than other hybrid
nanogenerator with EMG”'%. The power generation in the external spring was also
investigated, and the V,. and /. produced in the external spring reached 6.0 mV and
2.1 mA, respectively, when the operation frequency was 2.0 Hz, as manifested in Fig.
S7. Furthermore, the short-circuit currents of the TENG and EMG were measured for
10000 cycles at the frequency of 1.0 Hz. As shown in Fig. 4e and 4f, almost no

decline is observed for both the TENG and the EMG, which shows that the HG has

12
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long-term stability.

As seen from Fig. 4b and 4d, the output impedance of TENG is far larger than
that of EMG. To solve the problem of impedance matching between EMG and TENG,
a transformer was used to obtain the low impedance of the TENG. As shown in Fig.
5a and 5b, a V,. of 5.3 V and /. of 1.4 mA were produced for the TENG with the
transformer. Fig. 5S¢ shows the dependence of output voltage and current of the TENG
on the external loading resistance with the transformer, the output voltage increases
and the output current decreases with increasing loading resistance from 100 to 12000
Q. The output impedance of the TENG was adjusted to 1 kQ and the maximum
instantaneous output power was 1.04 mW, as shown in Fig. 5d. Thus, the TENG
could realize impedance matching with the EMG by a transformer, which

corroborates the feasibility of direct connection of the TENG and EMG.

Applications

To demonstrate the capability of the HG as a sustainable power source, we used the
nanogenerator to charge a capacitor and characterized the performance. As seen in Fig.
4a-d, the TENG delivers a low current output and a large voltage output, while the
EMG obeys an opposite trend with a high current and low voltage. In order to
effectively combine the electrical output from two types of generator, two full-wave
bridge rectifiers connected in parallel were employed to electrically connect two
generators. The circuit diagrams in Fig. 6a show how the nanogenerator was

connected for practical applications including lighting LEDs, charging a capacitor, a

13
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potential transformer (PT), powering a LCD and driving a DTHM. The voltage
changes of the capacitor (10 uF) as charged by the TENG without transformer, EMG
and combined HG (TENG without transformer//EMG) are plotted in Fig. 6b. Under a
fixed charging time, the HG produces a higher charging voltage and faster charging
rate than individual EMG and TENG that work separately, implying that the HG has
much better charging performance than that of the individual energy-harvesting unit.
In addition, it has been reported that the final charging level is determined by the
output voltage, while the charging speed is decided by the output current™. As
previously mentioned, the output characteristics for TENG and EMG are high voltage
with low current and low voltage with high current, respectively. Therefore, it is not
difficult to understand the fact that the voltage of the capacitor charged by TENG can
obtain the maximum voltage with a long enough charging time. In marked contrast,
the voltage of the capacitor charged by the EMG is restricted by the low open-circuit
voltage of the EMG and saturation is achieved quickly in a relatively short charging
time, resulting in the loss of the energy harvested. Taking advantage of both TENG
and EMG, HG generates fast initial charging rate and provide high ultimate voltage.
Moreover, the speed of charging a capacitor with a TENG can be further improved
through either the power management system or the unique design of the charging
cycle®*>. Fig. 6¢ shows the charging curves of the commercial capacitor (1000 xF) as
charged by the TENG, TENG with a transformer, EMG, and the hybridized
nanogenerator (TENG with a transformer//EMG). It is obvious that the TENG without
the transformer has the lowest charging performance, the hybridized nanogenerator

14
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has the better charging performance than that of each individual energy harvesting
unit for a given time.

Commerciale LEDs were continuously powered by the HG. In our experiments,
LEDs were divided into two groups. One group of 40 green LEDs (Fig. 6d-i) were
connected to the TENG in series, assembling the word “HENU” and another group of
green LEDs in series and red LEDs in parallel mixed circuit showing Xidian University
in Chinese (Fig. 6d-ii). All the LEDs could be readily lit up by the HG when the
device was pressed and released, as shown in Movies S2 and S3. To further prove the
HG as a practical power source, three other applications were demonstrated. The HG
was used to drive the DTHM and the LCD screen with a complex picture (LOGO of
Henan University) with the aid of storage device, as seen in Fig. 6d-iii, Movie S4 and
Fig. 6d-iv, Movie S5, respectively. Apart from these applications, the HG also has
potential in the area of surveillance and security. For example, the spring-assisted
hybrid nanogenerator was installed under a bicycle seat and connected to a wireless
alarm system (Fig. 6d-v), which acted as a self-powered security sensor. The HG can
easily drive a bicycle light for riding safely at night (Fig. 6d-vi). As the bicycle seat
moves up and down, the electrical energy generated by the HG can drive the wireless
alarm system and the white bike light, as demonstrated in Movie S6 and S7. The HG
could also be used for similar applications in vehicles seat cushions with spring buffer
structure. Furthermore, the HG along with the sensing system developed here has
potential applications in diverse fields such as surveillance, remote operation and
security systems.

15
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It is well known that an energized wire is subjected to Ampere force in a
magnetic field if the direction of current in the wire is not parallel to that of the
magnetic field. Consequently, an Ampere force against motion of the spring was
produced in the copper coil in our current configuration. This force has a tendency to
resist spring motion and thus achieve the effect of vibration damping. Detailed
calculation and derivation of the Ampere force in the copper coil is presented in the
Supporting Information. Despite the difficulty in the measurement of the Ampere
force and the weakness of vibration attenuation for the current device, a better
vibration attenuation effect may be realized by increasing the magnetic field strength
and turns of coils. These improvements are expected to expand the use of the HG to
applications such as suspensions, shock absorber devices, and vibration control for

mechanical equipment.

Conclusions

In summary, we have developed a TENG and EMG hybrid nanogenerator with unique
structure design, which can generate electricity by capturing the mechanical energy
simultaneously from one motion at low frequency (motion frequency ranging from
0.4 to 2.0 Hz). In this design, The TENG and EMG in the hybrid device are driven by
the elastic restoring force of the spring. Furthermore, the novel tube-like electrode of
the TENG makes the output performance robust and durable. Meanwhile, the
distinctive relative movement between the magnet and the coils maximizes the change
in the magnetic flux in the copper coils, favoring the output performance of the EMG.

16
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The TENG produces a V,. of about 632 V, and an /. of 12.2 yA with a maximum
output power of about 1682 uW and a volume power density of 17.16 ,uW/cm3 at the
frequency of 2.0 Hz. Under the same mechanical motions, the EMG can produce a V.
of about 5.4 V, and an /. of 36 mA with a largest output power of 57.6 mW and a
volume power density of 2.35 mW/cm’, respectively. As compared with the TENG
without transformer, the application of transformer reduces the impedance of TENG
and obviously increases the charging rate. Compared with the individual
energy-harvesting unit, the HG has much better charging performance and can be
utilized to sustainably power electronics such as LEDs, a DTHM, and a LCD with
complex picture. In addition, the spring-assisted HG has application potential in the
areas of self-powered security alarm system and vibration attenuation. This work will
render an effective and sustainable progress in low frequency mechanical energy
harvesting techniques and practical applications for HG as power sources and

self-powered devices.
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Fig. 1 Structural design and working principle of a HG. (a) Sectional view of a HG

composed of TENG and EMG. (i) and (ii) the two components of the hybrid
nanogenerator. (b) Drawing of the spring-assisted HG. (¢) The SEM images of the
PTFE tube showing nanostructures. (d) Photograph of the HG. (e) Magnetic fields,
charges distribution and current flow in the device during the initial state (i),

intermediate state (ii) and final state (iii).
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Fig. 2 Electrical output performances of a HG under different operation frequencies.
The open-circuit voltage (a, c¢) and the short-circuit current (b, d) of the TENG

without and with the surface nanostructures of PTFE, respectively. The V. (¢) and /.

(f) of EMG.
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Fig. 3 Output voltage and current of TENG (a, b) and EMG (d, e) at the frequency

of 2 Hz and different sliding displacement x. The dependence of the V. and I of

the TENG (c) and EMG (f) on sliding displacement ranging from 1.0 to 4.0 cm.
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resistance loads. The dependence of the instantaneous power densities of TENG (b)

and EMG (d) on the external load resistances. Short-circuit current of the TENG (¢)
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Fig. 5 Output performances of the TENG with a transformer. Open-circuit voltage (a)
and short-circuit current (b) of the TENG. Dependence of output current and voltage

(c) and output power (d) of the TENG with a transformer on the external loading

resistance.
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Fig. 6 Demonstration of the packaged HG as a practical power source. (a) The circuit
diagram for lighting LEDs, charging capacitors and powering LCD/DTHM. (b)The
charging curves of a 10 uF capacitor using EMG only, TENG only, and hybrid
nanogenerator, respectively. (¢) Measured voltage of a 1000 uF capacitor charged by
the TENG, EMG, TENG with a transformer, and the hybridized nanogenerator (EMG
and TENG with a transformer in parallel). (d) Photographs of the HG acting as a
power sources to drive. (i) 40 green LEDs in series showing the word “HENU”, (ii)
mixed circuit of “F§” green LEDs in series and “H.” red LEDs in parallel showing
Xidian University in Chinese, (iii) a monitor showing the time, temperature, and
humidity. (iv) LOGO of Henan University, (v) a wireless alarm system under the
bicycle seat, and (vi) bicycle warning safety light.
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