
www.advenergymat.de

Full paper

1901149  (1 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

A Nonencapsulative Pendulum-Like Paper–Based Hybrid 
Nanogenerator for Energy Harvesting

Hongmei Yang, Mingming Deng, Qian Tang, Wencong He, Chenguo Hu, Yi Xi,* 
Ruchuan Liu,* and Zhong Lin Wang*

DOI: 10.1002/aenm.201901149

utilization.[1,3] However, harvesting such 
energy is rather challenging due to the 
limitations of traditional electromagnetic 
generators (EMGs), especially at low fre-
quency.[4] How to harvest these types of 
energies with low cost, high stability, and 
high efficiency is the main barrier.

A triboelectric nanogenerator (TENG) 
based on the friction-induced and electro-
static induction effects has been proved 
to be a powerful invention technology for 
converting random and low-frequency 
mechanical energy into electricity with 
unique merits of high power density, 
high efficiency, light weight, low cost, 
and simple fabrication.[1,4a,5] The TENG 
is much more effective than the EMG for 
harvesting energy in the frequency range 
of <5  Hz due to its distinct mechanism, 
which is ideally suited for our daily life 
and nature, such as the ocean waves.[4a,b] 
Recently, various TENGs with different 
structures and functions for blue energy 
have been developed, which can be 
roughly divided into two types: liquid–
solid contact electrification TENGs[6] and 
fully enclosed solid–solid contact electrifi-

cation TENGs.[7] However, robustness and packaging are crit-
ical factors for these TENGs toward practical applications, since 
the performance of TENG is greatly affected by environmental 
conditions, e.g., humidity.[1,5c] What’s more, for fully enclosed 
solid–solid contact electrification TENG, it is difficult to disas-
semble after being enclosed, if there is something wrong with 
the devices. In addition, with the seawater immersion and cor-
rosion, the package will also fail soon; once water infiltrates the 
device, it will be unable to work, especially for electrical devices. 

The newly invented triboelectric nanogenerator (TENG) is deemed to 
be a more efficient strategy than an electromagnetic generator (EMG) 
in harvesting low-frequency (<2 Hz) water wave energy. Various TENGs 
with different structures and functions for blue energy have been devel-
oped, which can be roughly divided into two types: liquid–solid contact 
electrification TENGs and fully enclosed solid–solid contact electrification 
TENGs. Robustness and packaging are critical factors in the development 
of TENGs toward practical applications. Furthermore, for fully enclosed 
TENGs, the requirements and costs of packaging are very high, and they 
can difficult to disassemble after enclosed, if there is something wrong 
with the devices. Herein, a nonencapsulative pendulum-like paper based 
hybrid nanogenerator for energy harvesting is designed, which mainly con-
sists of three parts, one solar panel, two paper based zigzag multilayered 
TENGs, and three EMG units. This unique structure reveals the superior 
robustness and a maximum peak power of zigzag multilayered TENGs up 
to 22.5 mW is realized. Moreover, the device can be used to collect the 
mechanical energy of human motion in hand shaking. This work presents 
a new platform of hybrid generators toward energy harvesting as a portable 
practical power source, which has potential applications in navigation and 
lighting.
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1. Introduction

Marine area covers more than 70% of the Earth’s surface con-
taining huge energy.[1] Ocean, solar, and wind energy are the 
most familiar renewable and clean energies.[2] Ocean energy 
is typically regarded as having five specific forms: tidal energy, 
water wave energy, ocean current energy, temperature gra-
dient energy, and salinity gradient energy, among which ocean 
wave energy is one of the key directions of ocean energy 
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Therefore, the requirement and cost of packaging are very high, 
and the difficulty coefficient is relatively large.

In this work, we fabricate a nonencapsulative pendulum-like 
paper–based hybrid nanogenerator for solar energy, water wave 
energy, and mechanical energy harvesting, which is operated 
with magnets by water wave. This hybrid nanogenerator mainly 
consists of three parts: one solar panel, two paper-based zigzag 
multilayered TENGs with four basic contact separation mode 
TENG units, and three EMG units. The integration of solar 
panel can add power supply and increase volume utilization of 
device effectively. Meanwhile, the triboelectric–electromagnetic 
hybrid structure broadens the working frequency ranges avail-
able as TENG can be more effective for low-frequency (<2 Hz) 
energy scavenging compared with EMG.[1,4b,8] This unique 
structure reveals superior robustness (no obvious normal-
ized current decay was found after continuously working for 
800 000 cycles at 1 Hz) and a maximum peak power of zigzag 
multilayered TENGs up to 22.5 mW is realized. Moreover, com-
bining with hand shaking, the device can be used to collect 
the mechanical energy of human motion. This work presents 
a new platform of hybrid generators toward multiple energy 
harvesting as a portable practical power source, which has the 
potential application for navigation and lighting.

2. Results and Discussion

2.1. Structural Design

The basic structure of the designed hybridized generator is pre-
sented in Figure 1a, which is composed of three parts: one com-
mercially purchased solar panel on the top of the mover, two 
paper-based zigzag multilayered TENGs units with four basic 
contact separation mode TENGs on both sides of the mover, 
and three EMG units (three magnets were fixed on the bottom, 
front, and back sides of the mover and three copper coils were 
fixed to the corresponding bottom and both sides of the sup-
port, see details in the Experimental Section). Here, the solar 
cell panel is used to collect the solar energy for additional power 
output. One of the two magnets on the top of the mover is used 
to drive the device when the variable magnetic field is induced 
by the vibrated water wave energy in the ocean, and the other  
is used to maintain the balance of the device. Figure 1b,c show 
the photographs of the as-fabricated hybridized generator (the 
scale bar is 25  mm) and one paper-based zigzag multilayered 
TENG, respectively.

2.2. Schematics of Operating Principle

Based on the coupling effects of triboelectrification, electrostatic 
induction, and Faraday’s law of electromagnetic induction,[8] 
the working mechanism of the hybridized generator for con-
verting mechanical energy into electricity can be illustrated in 
three consecutive steps in a full wobbled back and forth cycle as 
shown in Figure 2. The schematic diagram of working mecha-
nism in Figure  2a and magnetic flux simulated by COMSOL 
in Figure S1c (Supporting Information) illustrate that when the 
device is wobbled back and forth by repulsive force between 

magnets, both periodic trigger of zigzag multilayered TENG 
units is caused and magnetic flux is changed in copper coils to 
produce electrical output. The operation process of the device 
is similar to that of a pendulum model, while the paper-based 
zigzag multilayered TENG is similar to a spring oscillator. From 
the energy point of view, the variable magnetic field by water 
wave can compensate for the internal energy reduced by fric-
tion (such as air and bearing friction) during the swing of back 
and forth, thus converting water wave energy into electricity 
by this device. Moreover, from force and dynamics analysis as 
illustrated in Figure S1b (Supporting Information), the device 
is equivalent to a pendulum model. First, when the magnet 
moves up by water, the direction of the angular velocity vector 
by magnetic field force Fm is perpendicular to the paper face, 
and the device swings to the left. When the device moves to the 
leftmost end, the vertical acrylic baffle on the left will produce a 
right-facing elastic force Fe on the device, so the direction of the 
angular velocity vector is reversed, and the device wobbles back 
until to the rightmost end. At this moment, the vertical acrylic 
baffle on the right will produce a left-facing elastic force Fe on 
the device too, therefore, the device wobbles back and forth 
to convert water wave energy into electricity (see the details 
of working dynamic process by magnet in Video S1 in the  
Supporting Information). Figure 2b shows the schematic illus-
trations of the charge distribution of one basic contact separa-
tion mode zigzag multilayered TENG unit. By conjunction of 
triboelectrification effect and electrostatic induction effect, phys-
ical contact between two different dielectric materials causes 
triboelectric charges on the two surfaces; a relative separation 
between the two dielectric materials by mechanical motion 
results in an electric potential drop across the two electrodes, 
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Figure 1.  Structural design of the hybridized generator. a) Schematic 
diagram of the designed hybridized generator, which mainly consists of 
three parts: one solar panel, two zigzag multilayered TENGs with four 
basic units, and three EMG units (see Figure 2a(I)), and the right part 
is the structure diagram for one basic TENG unit. b) Photograph of the 
as-fabricated hybridized generator; the scale bar is 25 mm. c) Photograph 
of one paper-based zigzag multilayered TENG.
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which drives the electrons to flow between the two electrodes in 
order to balance the electrostatic system.[5c] The voltage between 
the two electrodes for this contact-mode TENG can be given by[9]
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where σc is the saturated surface charge density due to friction 
in dielectric 1, σ1(z, t) is the charge density accumulated by free 
electrons in electrodes, d1 is the thickness of the dielectric, z(t) 
is the distance between dielectric layer and electrode, which is 
the periodic variable varying with time, and ε1 and ε0 are die-
lectric constants of dielectric and air, respectively, as shown in 
Figure S2 (Supporting Information). From Equation (1), we can 
see that periodic contact separation between dielectric layer and 
electrode is the process of converting mechanical energy into 
electrical energy. In addition, the variation of electric poten-
tial between two aluminum electrodes is also simulated via 
COMSOL, and the outcome is illustrated in Figure 2c.

2.3. Electric Output Performance

To investigate the features of hybridized generator for har-
vesting mechanical energy and solar energy, the relationship 
performance parameters of paper-based zigzag multilayered 
TENG, EMG, and solar cell panel have been systematically 
tested. First, in order to get optimal output performance of 
TENG part, the influence of factors, e.g., contact mode, the size 
of the paper, the position of removable ends, etc., is explored 
and the results are displayed in Figures S3 and S4 (Supporting 
Information). It can be seen that paper-based versus acrylic-
based is the optimal contact mode among the four modes 
(Figure S3a, Supporting Information). For paper-based TENG, 

the soft–hard contact mode can achieve the best contact. In 
addition, in the zigzag multilayered TENG, the acrylic layer 
can enhance the transfer charge to about 50 nC (Figure S3c, 
Supporting Information). It can be attributed to the fact that 
acrylic plate can strengthen the toughness of the paper and we 
can also consider the paper-based zigzag multilayered TENG as 
a spring oscillator, according to Hooke’s law F = kX (where k is 
the equivalent spring stiffness coefficient and X is the distance 
between compression and tension of the zigzag multilayered 
TENG), the existence of acrylic plate is similar to enhancing 
the stiffness coefficient of spring with a bigger force causing 
a fuller contact, so that it enhances the output. The paper 
with the thickness of 0.25  mm and width of 40  mm gets the 
largest transfer charge (Figure S3b,d, Supporting Information). 
Because the paper with different thicknesses and widths corre-
sponds to different spring coefficients, only when the stiffness 
coefficient is appropriate, the best output characteristics can 
be obtained under the same driving force. What’s more, the 
locations of the TENG and magnet on the vertical acrylic plates 
are investigated in Figure S4 (Supporting Information). It can 
be concluded that the zigzag multilayered TENG on the acrylic 
plate with X = 0. 5 cm and Y = 0.5 cm (Figure S4c,d, Supporting 
Information) and magnet with X  = 2.5  cm and ΔY  = 2.5  cm 
(Figure S4e,f, Supporting Information) is optimum working 
state of the device with 251 nC. Herein, the hybrid generator 
for harvesting mechanical energy in harsh environment is 
designed with the optimal parameters displayed in Figure 1.

A microstep driver was used to quantitatively investigate the 
electrical output characterization of the hybrid generator and 
the outputs are shown in Figure 3 and Figure S5 (Supporting 
Information). The locations of four TENG units and three 
EMG units are illustrated in Figure  2a(I). For contact separa-
tion mode TENG, at open-circuit condition, there is no charge 
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Figure 2.  Schematics of the operating principle of the hybridized generator. a) The schematic diagram of working mechanism and the position of the 
four TENG units (1–4) and three EMG units (i–iii). b) Schematic illustrations of the charge distribution of one basic TENG unit. c) Potential distribution 
by COMSOL was employed to elucidate the working principle of TENG: (I) the initial state; (II) the intermediate state; (III) the final state.
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transfer, and Q is 0. Therefore, the open-circuit voltage Voc is 
given by[10]
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Here, S is the contact area of tribolayer, d0 = d1/ε1, and V(t) is the 
speed of contact separation between dielectric layer and elec-
trode. Figure  3a shows the frequency (0.25–1.75  Hz) depend-
ence of short-circuit current (Isc), open-circuit voltage (Voc) 
(see the test circuit diagram in Figure S6a in the Supporting 
Information), and transfer charge of unit 1 of paper-based 
zigzag multilayered TENG. It can be seen that as the frequency 
increases, Voc gradually decreases from 1061.6  to 417.5 V and 
transfer charge gradually decreases from 254 to 202 nC, and 
when the frequency is less than 1.25  Hz, the transfer charge 
keeps a stable value of 254 nC, which is the result of insuffi-
cient contact causing reduction of σc with increasing frequency. 
In contrast, Isc increases gradually from 11.4 to 22.5 µA and 
the maximum value of 27.7 µA is obtained at 1.25  Hz. The 

reason is that current is the ratio of transfer charge to time and 
V(t) increases with the frequency. The output performances of 
every TENG unit are exhibited in Figure  3b. It indicates that 
the output performance of four units is symmetrical. The two 
units near the two ends are larger than the two units in the 
middle. We can consider that the contact separation time of 
the two TENG units in one zigzag multilayered TENG is the 
same, and the contact separation distance of the two TENG 
units near the ends is larger than that of the two units in the 
middle; therefore, V(t) of the two units near the ends is larger 
than that of the two units in the middle due to a larger output 
according to Equations  (2)–(4). Furthermore, for two units of 
one paper-based zigzag multilayered TENG, they have the 
same phase, so that their output signals can be superimposed 
as shown in Figure  3c. It can be seen that the superimposed 
signals of two units are enhanced and compensated compared 
with Figure 3b (Isc increases from 26.2 to 29.7 µA, Voc increases 
from 613  to 695 V, and transfer charge increases from 253 to 
416 nC). When the four units are superimposed together in 
parallel, it indicates that Isc increases from 29.7 to 41.3 µA 
while Voc decreases from 695 to 567 V. Transfer charges of two 
zigzag multilayered TENG units in one side increase from 416 
to 551 nC, while those of other two units decrease from 416 to  
308 nC. It is because that for the two zigzag multilayered 
TENGs, their phase is not exactly opposite, leading to the 
enhancement of one part and the weakening of another part. 
Overall, the energy density of the output is enhanced. Figure 3d 
illustrates the measured voltages of a 47 µF capacitor charged 
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Figure 3.  Electrical output characterization of zigzag multilayered TENG driven by a microstep driver for quantitative investigation. a) The short-circuit 
current (Isc), open-circuit voltage (Voc) (the logic circuit is shown in Figure S6a in the Supporting Information), and transfer charge of unit 1 (see 
Figure 2a(I)) for working frequency ranging from 0.25 to 1.75 Hz. b) Isc, Voc, and transfer charge of every unit. c) Isc, Voc, transfer charge, and d) meas-
ured voltages of a 47 µF capacitor charged by TENG with different configurations of units 1, 2, 3, and 4. e) Average power and resistance of external 
load. f) Robustness test of zigzag multilayered TENG. The working frequency is 1 Hz.
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by zigzag multilayered TENG with different unit configura-
tions (see circuit diagrams in Figure S6b in the Supporting 
Information). For the integration with four units, the capac-
itor can be charged to 1.6 V within 1 min, which indicates the 
superior integration of the device and further improvements in 
the electric output could be accomplished by integrating more 
units. Figure 3e displays the output power of the TENG when 
various external loads (from 1 kΩ to 100 MΩ) are applied. The 
maximum power output is obtained at 60 MΩ, corresponding 
to a peak power of 22.5  mW with four units. On the other 
hand, the reliability of the device, primarily represented by 
its output stability and mechanical durability, is another cru-
cial feature in applications. According to the rectified Isc of 
TENG part before and after continuously working for 800 000 
cycles in Figure 3f, it can be seen that no obvious normalized 
current decay is found after continuously working for a long 
time, which indicates the satisfactory mechanical durability 
of the device. These results were obtained at a fixed working 
frequency of 1  Hz driven by a microstep driver. Furthermore, 
in order to investigate the effect of salinity and humidity on 
the output performance of TENG, we simulated the salinity 
conditions of the ocean with 3.5% NaCl solution and the dif-
ferent humidity values for the output performances of TENG 
are shown in Figure S7 (Supporting Information). Figure S7a 
(Supporting Information) illustrates that the output voltage 
of seawater condition is about 80% of that of tap water with 
the relative humidity of 85%. The reason is that ions in brine, 
such as chloride ion, are carried into the air as water mole-
cules evaporate, neutralizing part of the surface charge of the 
friction material, resulting in a reduction of electrical output 
performance of TENG. The relationship between normal-
ized voltage and relative humidity with 3.5% NaCl solution 
is illustrated in Figure S7b (Supporting Information), it indi-
cates a gradual decrease in output with the increase of rela-
tive humidity as the profusion of water molecules in moisture 
atmosphere can extremely reduce the triboelectric charges 
on the surface of frictional/dielectric materials and result in 
the reduction of electrical output performance of TENGs.[11] 
In order to avoid the influence of humidity and salinity on 
the output of the device, we simply encapsulated and isolated 
the main part of the device with preservative film without 
affecting the operation of the device (as shown in Figure S7c 
in the Supporting Information), the output performance is 
shown in Figure S7c (Supporting Information). It demon-
strates that a stable performance is attained in different rela-
tive humidity environments. Compared with the process of 
full encapsulation (waterproof) in water, this kind of encap-
sulation treatment has the advantages of simple process, low 
cost, and much less difficulty. In addition, it is also much 
easier to reassemble devices if there is something wrong or 
friction materials need to be replaced.

For the EMG unit, according to Faraday’s law, the open-
circuit voltage (Voc) and the short-circuit current (Isc) can be 
expressed as

V N
t

d

d
oc = −

Φ
	 (5)

I
V

R
sc

oc= − 	 (6)

where Φ is the total magnetic flux in each coil, N is the number 
of turns in the copper coil, and R represents the internal resist-
ance of the coil. Apparently, the variation rate of the magnetic 
flux is related to the frequency. The electrical outputs of EMG 
are displayed in Figure S5 (Supporting Information). For unit 
(i) in Figure S5a (Supporting Information), it is observed that 
the amplitudes of Isc (from ≈1.5  to 6.3  mA) and Voc (from 
≈0.25 to 1.1 V) increase with an increase of working frequency 
ranging from 0.5 to 2.5  Hz. The performance of Isc and Voc 
for both EMG units at the symmetrical positions (Figure S5b, 
Supporting Information) is similar with a stable electric output 
of Voc  ≈ 0.42  V and Isc  ≈ 2.65  mA. However, because the dis-
tance between magnet and coil of unit (iii) is different from 
the other two units, unit (iii) gives the largest electric output 
of Voc  ≈ 0.98  V and Isc  ≈ 6.2  mA. What’s more, the electrical 
output with different configurations of units (i), (ii), and (iii) 
in series (Figure S5c, Supporting Information) shows an Isc 
of ≈3.65  mA and a Voc of ≈1.8  V, demonstrating the excellent  
phase synchronization of EMG units. It can be concluded that 
the maximum power output of EMG with three units in series 
on the resistance of the external load was obtained at 480 Ω, 
with a peak power of 1.39  mW at a frequency of 1  Hz from 
Figure S5d (Supporting Information). These results were 
obtained at a fixed working frequency of 1  Hz driven by a 
microstep driver.

Figure 4a illustrates Isc (≈34 µA and 3.5 mA) and Voc (≈491 
and 1.74 V) for TENG and EMG by water wave, respectively, 
and the experimental setup is shown in Figure 5a. A 47 µF 
capacitor was used to detect the power supply capability of 
TENG and EMG when the device was driven by water wave. 
It can be charged to 4.3  V by two parts in parallel in less 
than 1 min, as shown in Figure  5b (see wire connection in 
Figure S6c in the Supporting Information). For the triboelec-
tric–electromagnetic hybrid nanogenerator, it is worth noting 
that the initial charging rate of EMG is faster than that of 
TENG, because the output current of EMG is much larger 
than that of TENG, so the voltage in initial charging is mainly 
contributed by EMG, and when the voltage reaches the 
EMG value of about 1.74 V, the capacitor is mainly charged 
by TENG. The picture in Figure  5c shows that this device 
can convert the water wave energy into electricity available 
to power electronics, such as more than 220 light-emitting 
diodes (LEDs), as shown in Video S3 (Supporting Informa-
tion), revealing the potential of application in blue energy. 
The time–current and time–voltage signals of the solar panel 
are displayed in Figure 4c with 72.5 mA and 6.9 V. It could 
drive a thermohygrometer continuously when the Xenon 
light source was used, as shown in Figure 5d and Video S2  
(Supporting Information) (see wire connection in  
Figure S6d in the Supporting Information). Moreover, com-
bining with hand shaking, the device can be used to collect 
the energy of hand motion, and an electronic vernier caliper 
is driven successfully (see illustration of wire connection  
in Figure S6d in the Supporting Information). Here, a  
47 µF capacitor is used as energy storage device and the 
photograph of the hand-driven generator is shown in 
Figure 4f. This hybrid device manifests the ability to convert  
multiple energies into electricity as a portable practical 
power source.

Adv. Energy Mater. 2019, 1901149
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3. Conclusion

We have designed a nonencapsulative pendulum-like paper–
based hybrid nanogenerator for water wave energy, mechanical 

energy, and solar energy harvesting. The design of the unique 
structure broadens the working frequency ranges availably, 
avoids the influence of performance by harsh underwater envi-
ronment conditions, and reveals superior robustness. It avoids 

Adv. Energy Mater. 2019, 1901149

Figure 5.  Demonstrations of the hybridized generator as a practical power source. a) Photograph of experimental setup. b) Measured voltages of a 
47 µF capacitor charged by TENG, EMG, and TENG + EMG, respectively. c) Demonstrations of the device for collecting water wave energy, the insert 
picture shows the LEDs lighted by TENG part. d) Photograph of thermohygrometer that was continuously powered by the solar panel. e) Measured 
voltages of a 47 µF capacitor charged by TENG + EMG parts by hands; the insert picture shows a digital vernier caliper driven by it. f) Photograph of 
the hand-driven generator.

Figure 4.  Electrical output performance characterization of the hybridized generator. a,b) Isc and Voc for TENG and EMG by water wave, respectively. 
c) The time–current and time–voltage signals of the solar panel.
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the difficulties in packaging and disassembling for repairmen 
while harvesting blue energy effectively. Moreover, the broad fre-
quency ranges of the device enable it to collect the mechanical 
energy of human motion as well as other mechanical activities. 
This work presents a new platform of hybrid generators toward 
multiple energy harvesting as a portable practical power source, 
which has the potential applications for navigation and lighting.

4. Experimental Section
Fabrication of TENG Part: First, stick a single layer of Capton 

tape with a thickness of 0.05  mm on the back of the paper (length, 
L: 20  cm; width, W: 10  cm; thickness, T: 0.25  mm) to enhance the 
robustness of the paper. Then, fold paper into zigzag shape as shown 
in Figure 1c. Acrylic plate (L: 10 cm; W: 4 cm; T: 1 mm) integrated with 
an aluminum film (T: 0.01  mm) was attached to one side of paper as 
one tribolayer and electrode, and an aluminum (T: 0.01 mm) film and 
polytetrafluoroethylene film (T: 0.05  mm) with the same size were 
stuck on the another side of paper as another electrode and tribolayer, 
respectively, to fabricate a basic contact separation mode TENG unit 
(see structure diagram in the right amplification of Figure  1a). The 
TENG part contained two zigzag multilayered TENGs with four basic 
units. It is worth mentioning that at the connection of two basic units of 
one zigzag multilayered TENG, there existed an acrylic plate (L: 10 cm; 
W: 4 cm; T: 1 mm) to increase the contact intensity of TENG. The frame 
of the whole device was composed of acrylic plate cut by laser cutting 
machine, bearing, and stainless steel rod. Finally, one side of the zigzag 
multilayered TENG was fixed on the vertical acrylic plate, which can be 
adjusted horizontally and vertically, and another side was fixed on the 
mover, as shown in Figure 1a.

Fabrication of EMG Part: Three magnets with a diameter of 40 mm 
were installed on the two sides and the bottom of the mover, and 
three copper coils (1500 laps, 0.018  mm diameter of copper wire) 
were installed on the two vertical acrylic stents and the top of the 
bottom frame aligned well with three magnets working as EMG part. 
Moreover, two magnets with a diameter of 40 mm and a commercially 
purchased solar cell panel (rated voltage: 8 V; rated current: 80 mA) 
with the size of 27.5 cm2 were installed on the top of the mover. Here, 
one of the magnet was used to drive the device, and another was used 
to maintain the balance of device, and the solar cell panel was used to 
collect the solar energy. When the device was wobbled back and forth 
by external force, the working cycles of TENG units were caused and 
magnetic flux was varied in copper coils to produce electrical output.

Measurement and Characterization: The output signals of the hybrid 
device were measured by a voltage preamplifier (Keithley 6514 System 
Electrometer). The software platform was constructed based on 
LabVIEW, which was capable of realizing real-time data acquisition and 
analysis. The potential distribution in the TENG and magnetic flux in the 
EMG were calculated from a finite-element simulation using COMSOL 
Multiphysics software. During the testing process, a microstep driver 
(MA860H) was utilized to provide a reciprocating motion with different 
frequencies. A xenon light source (solar-500) and wave making pump 
were used to simulate sunlight and water wave, respectively.
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