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Elastic-Connection and Soft-Contact Triboelectric
Nanogenerator with Superior Durability and Efficiency

Zhiming Lin, Binbin Zhang, Yiyuan Xie, Zhiyi Wu, Jin Yang, and Zhong Lin Wang*

Triboelectric nanogenerator (TENG) has received tremendous attention in
ambient energy harvesting, especially for ocean wave energy. However, the
technology is generally challenged to obtain excellent durability and high effi-
ciency simultaneously, which primarily overshadows their further industrial-
scale applications. Here, a dual-mode and frequency multiplied TENG with
ultrahigh durability and efficiency for ultralow frequency mechanical energy
harvesting via the elastic connection and soft contact design is proposed. By
introducing the spring and flexible dielectric fluff to the novel pendulum-like
structural design, the surface triboelectric charges of TENG are replenished
in soft contact mode under the intermittent mechanical excitation, while

the robustness and durability are enhanced in non-contact working mode.
The fabricated TENG results in a continuous electrical output for 65 s by
one stimulus with a high energy conversion efficiency, as well as negligible
change of output performance after a total of 2 000 000 cycles. Moreover,
integrated with the power management circuit, the TENG array is demon-
strated to drive the electronics by effectively harvesting wind and water wave
energy as a sustainable energy source. This work paves a new pathway to
enhance the robustness, durability, and efficiency of the TENG that resolves
the bottleneck of its practical applications and industrialization.

covering more than 70% of the earth’s sur-
face contains abundant resources due to
the advantages of wide distribution and
sufficient availability, and ocean waves
are one of the most promising renewable
clean energy resources for large-scopes
scavenging and utilization.*”! Therefore,
harvesting the wave energy to power the
sensing nodes has been considered an
ideal way for the remote and self-pow-
ered sensing monitoring system in the
ocean. Extensive research efforts have
been dedicated to harvest wave energy
based on the piezoelectric, electromag-
netic, and triboelectric effect.®] Among
them, triboelectric nanogenerator (TENG,
also named as Wang generator) has been
demonstrated as a prospective technology
to extract mechanical energy into elec-
tricity as a green, self-sufficient, sustained
energy-supplying sourcel> " and the self-
powered sensor for the sensor network
systems.[18-24

1. Introduction

The rapid growth of the Internet of things (IoT), mobile
internet technology, and sensor network systems has increased
the demand for distributing and mobile operated sensing
nodes to achieve in situ and real-time information sensing.!'-3!
Such ubiquitous sensors, especially distributed in the ocean
stimulate the requirements for a sustainable, maintenance-free,
and self-sufficient power source. As is known to all, the ocean

Tracing the fundamental from Max-
well’s displacement current, TENG based
on the coupling of triboelectrification and

electrostatic induction, features high output voltage, high effi-
ciency, cost-effective, versatile choices of materials, and environ-
mental friendliness due to its distinct mechanism.?>-*! Since
its invention in 2012, enormous efforts including materials
development, structure, and circuit design have been paid for
large-scale wave energy harvesting to archive the blue energy
dream.?%-33] However, the TENG still suffers from weak dura-
bility, low efficiency, and short operation time, which greatly
limits its long-term practical applications and industrialization.
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Our previous work suggested an effective solution to improve
the durability and lifetime of the TENG by introducing a spring
structure operating in non-contact mode and replenishing the
surface charge intermittently.® Additionally, the frequency-
multiplied strategy was proposed in our recent work to boost
the energy conversion efficiency of TENG directly, which
shows great potential in ultra-low frequency wave energy har-
vesting.1*® Given all this, the development of TENG that works
in non-contact mode with frequency-multiplied feature would
simultaneously improve the durability and energy conversion
efficiency of which.

Herein, an elastic-connection and soft-contact TENG (ES-
TENG) with simultaneous boosted durability and efficiency is
proposed for the first time, which performs well in ultra-low
frequency water wave energy harvesting. In detail, a pendulum-
like structure was designed as the sensitive component for
external mechanical excitation, leading to an air gap between
the triboelectric layers. As a result, the ES-TENG can work in
the non-contact mode without any frictional resistance, thereby
enhancing the robustness and durability of the proposed device.
Moreover, the elastic connection and soft contact were achieved
by introducing the spring and flexible dielectric fluff in the
pendulum, therefore the surface triboelectric charges can be
replenished by the intermittent mechanical excitation, resulting
in high efficiency with multiplied frequency. The output charac-
teristics of the ES-TENG device was systematically investigated
by various mechanical trigger times and structure parameter
and the durability and robustness of the device were detailed
revealed from the view of output performance and materials
abrasion. Compared to the rigid-connection TENG, the output
voltage, and current, of the ES-TENG were increased to 741%,
and 822%, respectively. Besides, the ES-TENG presented high
energy conversion efficiency of 29.7% and excellent durability
after continuously operating for 2000000 cycles. Finally, the
ability of integrated ES-TENG networks for harvesting wave
energy as sustainable power sources for self-powered environ-
ment monitoring systems was successfully illustrated. The ES-
TENG with excellent durability and high efficiency presents a
fundamental strategy for sustaining wave energy harvesting
research and promotes its industrialization and practical appli-
cations in loTs.

2. Results and Discussion

The idea map of future ES-TENG networks to harvest the wave
energy for powering sensing nodes to realize the self-powered
monitoring system in the ocean is proposed in Figure 1a. The
structure of the single device is illustrated in Figure 1b that is
an integration of two major parts, namely, the cambered tri-
boelectric layer and pendulum-like sensitive component. The
cambered polytetrafluoroethylene (PTFE) film is mounted on
the spherical shell as the triboelectric layer, under which an
internal circular and an external ring electrodes are deposited
on the acrylic substrate. As for the pendulum-like sensitive
component, the elastic-connection part is composed of a spring
and two rigid rods and the flexible dielectric fluff acts as the
soft-contact and freestanding triboelectric layer, as the real com-
ponent shown in Figure 1c. The pendulum is connected to the
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outer acrylic spherical shell by a cotton thread, resulting in an
air gap between the triboelectric layers, which guarantees the
extremely sensitive oscillation and reduces the materials abra-
sion resulted from the external mechanical excitation even a
small disturbance. Furthermore, to enhance the triboelectric
effect, the nanowire structure is modified on the PTFE surface
to improve the effective contact area between the triboelectric
pairs, as demonstrated in Figure 1d. The photograph of the as-
fabricated ES-TENG network is exhibited in Figure le.

The fundamental working principle of the designed ES-
TENG relies on the unique coupling of triboelectrification in
contact-separation mode and electrostatic induction in free-
standing mode, as schematically demonstrated in Figure 1f.
In detail, at the initial state (i), there exist no original charges
on the surfaces of the triboelectric layers due to the air gap
between the two layers. Once an external mechanical excita-
tion like a water wave is applied to the ES-TENG, the spring
will be stretched because of the inertial force in the pendulum,
resulting in the contact between the triboelectric pair naturally,
as shown in stage (ii). The electrons transfer from the flexible
dielectric fluff to the surface of PTFE film, thereby generating
an equal amount of positive and negative triboelectric charges
on the two surfaces, respectively, due to the difference of
the electron affinity. Subsequently, the spring will restore to the
original state depending on its restoring force, leading to the
separation of the charged triboelectric layers, and the triboelec-
tric charges on the triboelectric surfaces will be saturated after
several excitations. This is the charge pumping process with
the assisted spring for triboelectrification.

As stated above, the pendulum-like component swings
without frictional resistance periodically at free-standing mode
owing to external disturbance such as water waves. At stage iii,
while the pendulum-like component is driven to swing left-
ward from the balanced state, an electrical potential difference
is built and then drives the electrons flowing from the circular
electrode to the ring electrode through the external load. Then,
the electrons flow back from the ring electrode to the circular
electrode to eliminate the potential difference as the pendulum-
like component swings rightward, generating a reverse current
in the circuit and forming a complete cycle of the electricity
generation process. When the pendulum keeps swinging right-
ward, the same electrons flowing process will be happened as
similar to swings leftward above, as shown in state iv. There is
little frictional resistance in the swing process, which is contrib-
uted to the periodically multiple swings at ultra-low frequency
external excitation, resulting in multiplied output performance.
Moreover, such motion behavior reduces the triboelectric mate-
rial abrasion, benefiting the durability and long-term work of
the ES-TENG.

To understand the fundamental output characteristics of
the ES-TENG, it is tested with a programmable linear motor
that can simulate the agitation of water waves. The electrical
output including the open-circuit voltage, short-circuit current,
and short-circuit transferred charges are evaluated systemati-
cally. Figure 2a shows the open-circuit voltage of the proposed
ES-TENG by an external mechanical agitation. It indicates that
the electrical output can last over 65 s with the continuous
swing due to little frictional resistance between triboelectric
layers, showing excellent frequency-multiplied performance.
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Figure 1. Structural design and working principle of the proposed ES-TENG. a) Schematic diagram of the ES-TENG networks for harvesting the wave
energy to realize the self-powered monitoring system in the ocean. b) Schematic illustration of the ES-TENG composed of cambered triboelectric layer
and pendulum-like component. c) Photograph of the fabricated pendulum-like component. d) SEM images of the etched PTFE film. Scale bar, 500 nm.
e) Photograph of the fabricated ES-TENGs. f) Working principle of the proposed ES-TENG at i) initial non-charged state and ii—iv) charged state under

the external mechanical excitation.

The short-circuit current and transferred charges show a sim-
ilar trend with the open-circuit voltage, as demonstrated in
Figure 2b,c. More important, the attenuation rate of the open-
circuit voltage drops by 10% after 7.2 s due to the effect of air
friction, which means that the proposed ES-TENG is capable
of generating frequency-multiplied output with high electrical
performance even stimulated by 0.138 Hz external agitation.
Such output characteristics and working frequency are per-
fectly suitable for ultra-low frequency wave energy harvesting.
Besides, Table S1, Supporting Information, also indicates that
the attenuation rates of output performance are consistent in
different excitation directions, which is contributed to the spa-
tially symmetric structural design of the pendulum model. To
systematically identify the influence of the spring and flexible
dielectric fluff on the output performance, various pendulum-
like components are carried out to compare the electrical out-
puts at the same simulation condition, as demonstrated in
Figure 2d. Here, we employed the pendulum-like components
without the spring and fluff (Device 1), without the fluff (Device
2), and with the spring and fluff (our Device, named Device 3)
for these comparison experiments. Figure 2e depicts that the
open-circuit voltage and short-circuit current of Device 2 are
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larger than that of Device 1, indicating the spring is beneficial
to the triboelectrification for charge accumulation. Moreover,
the output amplitudes of Device 3 are larger than that of Device
2 distinctly, rending that the fluff contributes to increasing the
effective frictional area for much more transferred charges.
The short-circuit transferred charges result of the three devices
also verifies such principle, as illustrated in Figure 2f. Device
1 has an output voltage of 10.2 V, while Device 3 produces an
output voltage of 75.6 V, an increase of 641%. Meanwhile, the
short-circuit current increases from 0.09 to 0.74 pA, growing
by 722%. To further comprehensively investigate the charge
pumping process of the ES-TENG, the linear motor is employed
to provide continuous periodic triggers for the observations of
output amplitude and transferred charge quantity, as shown in
Figure 2gh. The amplitude of open-circuit voltage increases
from 10 to 76 V with the growth of continuous trigger times
from 1 to 7 and then slows down, the sloping trend of short-cir-
cuit current is also consistent with the voltage, as demonstrated
in Figure S1, Supporting Information. Figure 2h depicts the
short-circuit transferred charge quantity for the ES-TENG by
the continuous triggers, it is observed that the charge quantity
increases linearly at the early stage, and then stables at =27 nC
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Figure 2. Electric performances of the ES-TENG. a) Open-circuit voltage, b) short-circuit current, and c) short-circuit transferred charge of the proposed
ES-TENG under an external stimulus. d) Schematic diagram of various pendulum-like components. e) Open-circuit voltage, short-circuit current, and
f) short-circuit transferred charge for three different pendulum-like components. The amplitudes of g) the open-circuit voltage, and h) short-circuit

transferred charge quantity under the continuous stimulus.

after eight triggers. Hence, the availability of the spring-assisted
pendulum-like structure for triboelectrification is successfully
substantiated by the above experimental results.

The robustness and durability of the TENG are considered
as the paramount characteristics for long-term effective energy
harvesting in practice, as shown in Figure 3a—c, they are inves-
tigated through enormous period experiments. As shown in
Figure 3a, the open-circuit voltage of the ES-TENG shows neg-
ligible drops after continuous operation of 60 min. Moreover,
Figure 3b and Figure S2, Supporting Information, displayed
little decline of the open-circuit voltage (Attenuation: 2.76%,
shown in Figure S3, Supporting Information) and short-circuit
current for long-term continuous operation even after a total of
2000000 cycles, convincing superior stability and robustness
of the as-fabricated device, convincing superior stability and
robustness of the as-fabricated device. Furthermore, the sur-
face material abrasion of the PTFE film is captured by scanning
electron microscopy (SEM), as demonstrated in Figure 3c. It
serves to show that nanowire structures on the surface of PTFE
film preserve well and no obvious damage and abrasion for the
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triboelectric material, rending the excellent durability of the ES-
TENG for long-term work. Such superior stable and durable
features of the ES-TENG are mainly attributed to the innova-
tive design of spring-assisted pendulum-like structure with air
gap at non-contact working mode. Additionally, external load
resistors are used to characterize the electrical outputs of the
ES-TENG for energy harvesting capacity, and the peak cur-
rent-resistance and peak power-resistance relationships are
shown in Figure 3d. As the load resistance increases, the peak
value of the current decreases due to the Ohmic loss, and the
maximum peak power of 28 W is achieved at a matched load
resistance of 100 MQ, which can be calculated by P = I’R. And
the charging performance of the ES-TENG for different capaci-
tors is also explored, as depicted in Figure S4, Supporting Infor-
mation. Charged by the ES-TENG, the voltage of capacitors
with a value of 3.3 and 10 pF can reach up to 3.8 and 1.5 V in
30 s. Moreover, to investigate the energy conversion efficiency
of ES-TENG for just one triggering, the generated electrical
energy obtained at matched load resistance can be evaluated by
E = [I(t)’Rdt, where I(t) is the instantaneous current across the

© 2021 Wiley-VCH GmbH
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Figure 3. Long-term durability test and output power of the ES-TENG. a,b) The durability test of the TENG operating over a) 60 min and b) various
cycles. c) Comparison of the surface morphology of the PTFE film over various cycles. Scale bar, T um. Inserted scale bar, 500 nm. d) Output current
and power under different resistances. ) Output power and converted energy for a stimulus. f) The energy-to-electric energy conversion efficiency at

different load resistances.

resistor at the time ¢, and R is the load resistance. Figure 3e
shows the instantaneous output power and generated electrical
energy, which increases continuously over time and achieves
the value of 186 WJ, ultimately. Here, we calculate the vibra-
tion energy-to-electric energy conversion efficiency through
the generated electrical energy after one stimulus divided by the
acquired vibrational energy induced by an external trigger. The
vibrational energy can be evaluated by the difference of gravi-
tational potential energy between the highest center of gravity
and that at the final state for one stimulus, as schematically
demonstrated in Figure S5, Supporting Information. Hence,
the efficiency can be expressed as:

Eou _ JI(t)'Rdt

Ein -

0
mgAh

n:

where m donates the mass of the swing component, g is the
gravitational acceleration, and Ah refers to the height differ-
ence between the center of gravity at the highest and final
states, we obtained the two values by capturing the photographs
for the two states from a slow-motion video of the ES-TENG
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movement. Figure 3f indicates that the maximum efficiency
of 29.7% achieved at the matched resistance of 100 M€, indi-
cating much outstanding efficiency than the previous works
as schematically illustrated in Table S2, Supporting Informa-
tion. The detailed calculation method for the energy conver-
sion efficiency is clarified in Note S1, Supporting Information.
Besides, the proposed ES-TENG shows the good capability of
energy harvesting along different stimuli directions attrib-
uted by the pendulum-like structural design, as illustrated in
Figure S6, Supporting Information.

Among various energy sources, wind power is one of the
most cost-effective, lowest-priced energy sources available today,
which is abundant in the desert, in particular. The ES-TENGs
could be hung on the tree branches to harvest the wide distri-
butional wind power in the desert, as shown in Figure 4a. First,
the experiments for different wind speed were carried out to
measure the output performance of ES-TENG, as demonstrated
in Figure 4b. The output of ES-TENG is extremely sensitive to
the transient wind, even the light breeze can simulate the effi-
cient electrical output with approximate liner variation. While
the wind speed increases over 3 m s7, the output voltage of
the ES-TENG would reach and keep the maximum value =64 V.
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Figure 4. Applications of the ES-TENG for wind energy harvesting. Output characterization and applications of the ES-TENG array. a) Schematic
diagram of the ES-TENGs for harvesting the wind energy in the desert. b) Output voltages of the P-TENG with various wind speeds. c) Charging per-
formance of an ES-TENG for a capacitor of 10 uF. d) Photograph of the ES-TENGs to power serial LEDs as the self-powered traffic light.

Figure 4c shows the charging performance of an ES-TENG with
the wind speeds of 3.5 and 1.5 m s7, rending the ability to har-
vest wind energy at different situations. Figure 4d demonstrates
the ES-TENG to power a series of LEDs as the traffic light,
which could be lighted up (Video S1, Supporting Information)
and establishing a self-powered traffic indication system.

Water wave energy featuring abundance, wide distribution,
and sustainability is deemed to be one of the most prospec-
tive clean and renewable power sources for large-scale prac-
tical applications, and a schematic diagram of the ES-TENG
array for wave energy harvesting is demonstrated in Figure 5a.
For achieving efficient energy scavenging and extensive prac-
tical applications, a universal power management circuit for
the parallel connection is designed and implemented for large
scope arrays of the ES-TENGs, as illustrated in Figure 5b in
detail. Integrated with the power management circuit, we
explored the electrical outputs of the ES-TENG array with
different units, as presented in Figure 5c. The peak value of
current increases linearly as the elevation of unit number in
parallel, but the peak value of voltage keeps remains a constant
approximately (Figure S7, Supporting Information), and the
output current maximizes at 4.4 HA with six integrated units.
Besides, the peak values of voltage for TENGs arranged in
series were also experimentally measured, which increase
slowly and limited due to the asynchronous output phase, as
demonstrated in Figure S8, Supporting Information. More-
over, the charging performance is also investigated, which
is consistent with the results of the current in parallel, as
depicted in Figure 5d. The capability of energy harvesting for
our proposed device compared with the other three designs is

Adv. Funct. Mater. 2021, 2105237

2105237 (6 of 8)

presented in Figure 5e, it can be found that the charging rate
is higher than the others. Moreover, the integrated ES-TENG
array is successfully applied in water and 80 commercial LEDs
could be lighted up by such array continuously, as demon-
strated in Figure 5f and Video S2, Supporting Information.
Harvesting the wave energy to power distributed sensor nodes
is regarded as a promising solution for sustainable, stable,
and self-powered information acquisition, wireless transmis-
sion, and remote monitoring in the ocean, as the schematic
diagram shown in Figure 5g. Here, the self-powered tem-
perature/humidity monitoring system enabled by the inte-
grated ES-TENG array is carried out in the water, as illustrated
in Figure 5h,i and Video S3, Supporting Information. The
charging and discharging process is displayed in Figure 5h.
These applications powerfully prove the outstanding perfor-
mance of the ES-TENG, greatly accelerating the extensive
applications of TENG at a large scale and promoting the self-
powered system in IoTs.

3. Conclusions

In summary, an elastic-connection and soft-contact strategy to
simultaneously promote the robustness, durability, and effi-
ciency of TENG by introducing an assisted spring and the flex-
ible dielectric fluff with the pendulum-like structural design
was proposed, achieving continuous long-term working and
multiplied frequency output performance. The pendulum-like
structural design assisted by spring can ensure replenished
charges consecutively for triboelectrification under the external
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Figure 5. Applications and of the ES-TENG array in water. a) Schematic diagram of ES-TENG array. b) Schematic illustration of the power manage-
ment circuit. ¢) Output peak currents of the ES-TENG array with different units. d) Charging performance to a capacitor of 10 uF for different units.
e) Comparison of the charging performance for the TENG with different pendulum-like components and conventional in-plane mode structure.
f) Photograph of the ES-TENG array to power serial LEDs. g) Imaginary picture of future self-powered information monitoring system in ocean powered
by large-scale ES-TENG network. h) Charging and discharging curve of a 47 UF commercial capacitor for the thermometer driven by ES-TENG network.

i) Photograph of the ES-TENG network to power a thermometer.

mechanical excitation, leading to frequency-multiplied output
and little material abrasion due to the air gap between triboelec-
tric layers. Moreover, the flexible dielectric fluff applied in the
design further enhances the triboelectrification for charge accu-
mulation, contributed to the outstanding output performance.
Then the output characteristics of the ES-TENG concerning
the frequency-multiplied output, charge process, durability,
trigger direction, and energy conversion efficiency were sys-
tematically studied, proving that the vibration energy-to-electric
energy conversion efficiency of 29.7% for one stimulus. Finally,
a digital thermometer was successfully driven by the integrated
ES-TENG array integrated with the power management circuit,
indicating the broad application prospects toward large-scale
wave energy scavenging. Given the advantages of exceptional
durability and frequency-multiplied output, this research is of
great significance to the output and durability of the TENG
as well as the applications in large-scale energy harvesting
and construction of the self-powered hydrological monitoring
system.
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4. Experimental Section

Fabrication of the Polymer Nanowires: PTFE film with a thickness of
80 um was cleaned via acetone and DI water, respectively. Then, a 10 nm
thick silver film was deposited on the surface of PTFE film with a deposition
rate of 0.5 nm s™. Finally, the nanowires were obtained by the ICP reactive
ion etching with an RF power of 400 W and a bias power of 100 W. The flow
rate of the CHF;, Ar, and O, are controlled into 40, 15, and 10 sccm.

Fabrication of the ES-TENG: The ES-TENG is mainly composed
of two major parts: cambered triboelectric layer and pendulum-like
sensitive component. The cambered triboelectric layer was tailored
by laser cutting (PLS6.75, Universal Laser Systems, USA) based on an
acrylic spherical shell with an inner diameter of 130 mm, which was
cut as the substrate with a circular diameter of 120 mm. Then a layer
of copper (100 nm in thickness) was deposited on a shaped spherical
shell through magnetron sputtering with a circular and ring pattern and
a layer of PTFE film with a thickness of 80 um adhered on the surface
of the copper layer as the cambered triboelectric layer. The pendulum-
like sensitive component was shaped based on the acrylic spherical
shell into a cambered acrylic with a circular diameter of 35 mm as the
substrate and a layer of flexible dielectric fluff adhered on the surface
of it as a triboelectric layer. Then an acrylic rod with a length of 58 mm
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was prepared with a spring integrated into the middle as the pendulum
rod. The pendulum-like component was connected to the outer acrylic
spherical shell (inner diameter: 120 mm) with a cotton thread. The
silicone =50 g was solidified on the bottom of the inner spherical shell
as the mass block. Finally, the acrylic spherical shell was sealed by the
sealant to decrease the dielectric shielding effect.

Electric Measurements of the ES-TENG Device: A linear motor (LinMot
E1200-P0T) was employed to provide the specified external exaction for the
ES-TENG oscillation. The open-circuit voltage, short-circuit current, and
transferred charge of the ES-TENG were tested by a low-noise preamplifier
(Keithley model 6514). A data acquisition system (Model: USB-6218,
National Instruments, USA) and a LabVIEW program were conducted
to collect the electric data and store it. A water channel controlled by a
programmable linear motor was used for the water wave generation.
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