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All-in-One Sensing System for Online Vibration
Monitoring via IR Wireless Communication as Driven

by High-Power TENG

Han Wu, Zihan Wang, Boyu Zhu, Hanqing Wang, Chengyue Lu, Meicun Kang,
Shenglin Kang, Wenbo Ding,* Lijun Yang, Ruijin Liao, Jiyu Wang,* and Zhong Lin Wang*

Abnormal vibration is a direct response to the mechanical defects of
electrical equipment, and requires reliable vibration sensing for health
condition evaluation in the associated system. The triboelectric nanogen-
erator (TENG) triggered by random vibration to generate electrical energy/
signal while giving feedback on the vibration state, paving a promising way
towards self-powered sensors. Here, an all-in-one sensing system config-
ured with a vibration sensor demonstrates instantaneous discharge boosted
TENG and IR wireless communication for vibration state online monitoring.
The sandwich-structured TENG combined with mechanical switches can
release the co-accumulated charges from dual triboelectric layers to yield
giant instantaneous output power of 616 W, which is 10° times higher than
that of the continuous discharge. Moreover, an IR LED as a transmitter
driven by the TENG can form an all-in-one vibration sensor enabling
wireless communication, where the sensor can be further integrated with
repeaters and phones to establish a wireless vibration online monitoring
system for vibration state visualization. This work presents a novel idea

to implement high-power TENG with IR communication integration for in
situ vibration online monitoring. Such a strategy is potentially available for
distributed sensor construction towards abnormal signal monitoring that
reflects the operating state of equipment.

1. Introduction

Electric Internet of Things (eloT) is
regarded as the backbone toward future
Energy Internet, which has been continu-
ously integrating intelligent sensing, com-
munication technologies, and advanced
control strategies to co-serve the smart
grid.' In most key electrical equipment,
where sensor deployment is not only an
essential strategy for sensing the opera-
tion states of this equipment but also car-
ries critical information about the health
conditions.[®”] One of the main concerns
is the abnormal vibration in equipment
caused by intrinsic mechanical defects,
whose behavior would be more dangerous
under extreme physical environments
(wind, rain, lightning, etc.) or shifting
electrical parameters (current, electromag-
netic, etc.).B1 In this regard, vibration
monitoring techniques applied to the key
electrical equipment such as a transformer
can reflect the mechanical condition of
the windings or core, which allows trans-
former fault prognosis before catastrophic
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insulation failures.'12 Also, the overhead transmission lines
are easily affected by complex meteorological and geographical
conditions, where aeolian vibrations are the main observable
parameters utilized for state evaluation of fatigues and broken
strands.!3™ In view of these problems, the abnormal vibra-
tions have attracted noticeable attention in ultrahigh voltage
engineering with larger generators, high-capacity transformers,
integrated gas-insulated switchgear, and extended-span trans-
mission lines.>1%] Hence, vibration state monitoring becomes a
necessary tool for these core equipment, which demands vibra-
tion sensors to be deployed at each node of power grid for long-
term lifecycle work. However, such sensors are even desired
to be mounted on the inside of large equipment for reliable
detection, thus resulting in difficulties to obtain an in situ con-
tinuous power supply, while the electromagnetic interference
problem further prevents stable data communication.["8l With
the ability of being a promising recyclable power source, the
emerging triboelectric nanogenerator (TENG)!-2U technology
based on the coupling of triboelectrification and electrostatic
induction, can convert mechanical vibration energy into electric
power to ensure the distributed energy supply. Meanwhile, the
variable electrical signals are crucial information in response to
the mechanical excitation state. Benefiting from the multistyled
structure design and abundant choice of materials, the TENGs
exhibit unique merits of light-weight, sustainability, low-cost
as well as high voltage and sensitivity.22-24 All of these have
an enormous advantage to developing a self-powered vibra-
tion sensor, simultaneously, the sensor that further integrates
advanced communication technology is expected to become an
ideal pathway to enable the online vibration state monitoring of
the electrical equipment.

So far, the TENG was designed as a sustainable power
supply for light-emitting diodes (LEDs), ambient sensors, and
low-power-consuming electronics.?>/) However, owing to the
intrinsic characteristics, TENGs typically produce high voltage
and low current outputs with larger impedance (for MQ-level),
which cannot be well matched to the normal electronics with
kQ-level impedance. Zi et al. illustrate that a power manage-
ment circuit (PMC) plays an essential role as the bridge to
provide regulated and efficient power output theoretically, by
which they propose a switch circuit strategy to regulate the
charge flow in the system to maximize the energy supply effi-
ciency.?83% Among them, introducing silicon controlled recti-
fier® and metal-oxide-semiconductor field-effect transistor®2
based electronic switches has achieved excellent output energy.
Nevertheless, an external power supply is required to operate
the control circuit in the electronic switch, and the electronic
components themselves will also incur considerable energy
losses. By contrast, the mechanical switch is controlled exactly
depending on the travel motion of the TENG to achieve periodic
closing and opening, such a straightforward, battery-free, easily
integrated method benefits the efficient energy conversion
under sustained mechanical excitation.?*3! Consequently, the
mechanical switch was designed on a sliding TENG that con-
verts continuous discharge (CD) into instantaneous discharge
(ID), resulting in a close to zero output impedance, thus the
maximum charges are effectively discharged with an external
load.] Then, a further endeavor to combine the mechanical
switches with opposite-charge-enhancement effect has realized
ultrahigh output power,*® but the above-mentioned structures
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required a large sliding motion for a steady trigger that can
hardly be utilized in vibration scenarios. In addition, a con-
tact-separation TENG can work effectively with only mm-level
motion, under which the integrated mechanical switches can
be easily triggered by such vibration excitation.’”! Therefore, an
advanced mechanical switch triggering mechanism for the con-
tact-separation TENG is promising to be optimized to address
the microvibration excitation in engineering applications.
Moreover, a fully self-powered sensor typically involves an
extended communication module to realize the information
interaction. The mainstream methods are based on traditional
radio frequency (RF) technologies, i.e., Bluetooth,3¥ Zigbee,*]
and RF identification.*] However, the integrated modules will
consume more energy, which undoubtedly worsens the time
for TENG to accumulate energy to operate the module. Besides,
by working around the strong electromagnetic field in the com-
plicated ultrahigh voltage electricity scenario, the RF technology
will be limited by electromagnetic interference. Prospectively,
the optical signal exhibits a superior anti-interference capability
owing to its wide bandwidth and short wavelengths.=# Thus,
optical communication shows unique advantages in some
regions where RF signals cannot be covered, such as enclosed
spaces for electromagnetic shielding effect caused by a metal
shell, near-electromagnetic fields, etc. Coupled with features
of high speed and high capacity, optical communication has
become a powerful supplementary and even alternative to RF
technology. Accordingly, a conventional LED is illuminated
as a wireless transmitter that can directly transmit informa-
tion about relevant mechanical stimuli under the excitation of
TENG, which is unachievable in an integrated RF module.*/
Benefiting from the unique capability to deliver real feedback
on vibration states, this combination has potential for internal
vibration monitoring of equipment without concerns about
electromagnetic compatibilities, such as typical scenarios of
generator gears and transformer windings, etc. However, the
visible light communication system can only work under a
really short distance due to propagation loss from the ambient
medium. In this case, IR light features a higher penetration rate
than visible light, which exhibits favorable properties that are
not easily blocked by intermediate mediums.*>%! But a large
bulk TENG driven by a high-speed rotary motor has realized
enough power supply to the IR LED with meter-level communi-
cation.”] Given the powerful transmission capability, a further
optimized portable TENG would be expected to integrate LED
for long-distance wireless communication to serve the actual
application of vibration monitoring in electrical equipment.
Herein, an all-in-one vibration sensor assembled with
instantaneous discharge-boosted TENG and IR wireless com-
munication is proposed for vibration state online monitoring.
The TENG was designed as a three-layer sandwich structure
with mechanical switches, so that contact occurred between
the middle movable layer and the top and bottom fixed layers
will be accompanied to trigger the switch on. The opposite tri-
boelectric surfaces were employed on fixed layers to enable co-
accumulated charges to be released simultaneously, thus pro-
ducing enlarged giant instantaneous output. Moreover, such
constructed TENG was investigated with triboelectric material
and operable vibration space to obtain maximum output and
optimum energy conversion efficiency. More importantly, a
dual-channel power management circuit was built based on
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diodes to realize both DC outputs, whose CD and ID channels
co-existed for a wider range of power supply options. Further-
more, an IR LED connected to the ID-channel constructs an
all-in-one vibration sensor without additional electronic com-
ponents, realizing multifunctional features of self-powered,
vibration sensing, and wireless communication, which offers
the unique advantage of a light-weight size, microvibration trig-
gers, long-distance signal transmission, and antielectromag-
netic interference. Finally, the sensor integrated with repeater
and mobile phone platform demonstrates a fully wireless vibra-
tion online monitoring system, which can be utilized for vibra-
tion state visualization over a wide area. This proposed work
presents a unique mechanical switch-triggered TENG mode,
whose giant ID energy to power IR LED offers a solid path for
reliable wireless communication with long distance. The novel
concept of an integrated all-in-one sensing system could poten-
tially be utilized in a large-scale power grid that delivers real-
time abnormal vibration feedback of electrical equipment for
deep health condition analysis.

2. Results and Discussion

2.1. Structure and Working Mechanism

Figure 1a demonstrates the emerging strategy of a fully wireless
vibration online monitoring system for the most key electrical
equipment in the power grid. The system is composed of an
all-in-one vibration sensor cooperated with a user-friendly inter-
face for vibration state monitoring. The vibration sensor simply
consists of TENG and IR LED with the function of self-pow-
ered sensing and wireless communication. Such a structure
renders itself a possibility that to be conveniently deployed on
equipment and even in its interior to obtain abnormal vibra-
tion information, which is potential for practical application
in typical scenarios such as flow excitation in hydraulic tur-
bine instabilities,*®* transformer winding condition assess-
ment,P! mechanical defect identification for gas-insulated
switchgear,®>33 and aeolian vibration disrupted transmission
line fatigue.>*

The detailed structural diagram of TENG is illustrated in
Figure 1b, which is a mechanical switch-integrated three-layer
sandwich structure with two couples of contact-separation
layers. Specifically, the top and bottom fixed layers are both
composed of triboelectric layer with back electrode as well as an
independent mechanical contact along one side, and the tribo-
electric materials herein are polyamide (PA) and polytetrafluor-
oethylene (PTFE), respectively. While the middle movable layer
is a combination of PTFE film and a steel chip with mechanical
contacts at one side. Besides, the springs introduced here drive
the movable layer to ensure the triboelectric layer is in contact
and the mechanical switch is on simultaneously. The sponge is
inserted in the fixed layer as a buffer between the electrode and
acrylic layer for soft contact and stability. Furthermore, the sur-
faces of PTFE and PA films were also modified by the plasma
etching method to create nanostructure for larger contact areas,
and the scanning electron microscope (SEM) images are dis-
played in the insets of Figure 1b. Based on the above-described
structure, each component of the TENG was crafted as shown
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in Figure S1 in the Supporting Information. And Figure 1c
depicts the photograph of the fabricated TENG with overall
dimensions of 90 mm x 90 mm x 15 mm (length X width
% height) (the fabrication process is described with detail in the
Experimental Section).

Figure 2a illustrates the detailed working mechanism of
the TENG with mechanical switches in stage (i-iv). For the
middle movable layer, the PTFE is combined with PA in top
layer, and the steel is combined with PTFE in bottom layer to
form a couple of triboelectric layers, respectively. In addition,
the two back Cu electrodes are connected to the top and bottom
mechanical contacts via an external circuit. Based on a coupled
effect of triboelectrification and electrostatic induction,”® an
equal amount of negative and positive charges will be gener-
ated on the surface of triboelectric materials in physical con-
tact. After being separated from each other, the charge transfer
occurs between the back electrodes to balance the generated
potential difference, as shown in the initial stage (i). According
to the electronic affinity of these materials, here we consider
the surface charge of PA to be Q;, and the PTFE in bottom layer
is Q,. While the charge quantity of steel is Q;—Q, since it serves
as both a triboelectric layer and induction electrode.

As the movable layer approaches the top layer in stage (ii),
the charge is driven between the top and bottom electrodes to
equalize their potential, until the next stage with maximum
charge transfer of —Q,. At stage (iii), the movable layer is in
contact with the top layer while the mechanical switch is open
via the contacts, where the charge of Q;—Q, in the steel will be
released. As the movable layer shifts closer to the bottom layer
in stage (iv), the charge is also transferred between the top and
bottom electrodes, but with a maximum charge transfer of Q.
Back to stage (i), the movable layer finally comes into the orig-
inal position, and the mechanical switch triggered to open will
enable the accumulated charge of Q—Q, in the bottom elec-
trode to be released into the steel which ensures new electro-
static equilibrium. Theoretically, following the above-described
full cycle of the operational process, the total transferred charge
quantity of the TENG produces 3(Q;+|Q,l). Compared with
conventional contact-separation TENG, a couple of PTFE and
PA produces only 2|Q;| in one cycle.

Different from the conventional TENG with CD output, the
introduced mechanical switch causes the charge to be trans-
ferred as ID output in stages (i) and (iii). Before the switch
turns on, the voltage Vi of the external resistance reaches its
maximum caused by the accumulated charge, which can be
expressed as

VJD:Q1_Q2

c (1)

where Cr is the equivalent capacitance of the TENG with a con-
stant value, which is the PTFE layer at the bottom in stage (i),
while stage (iii) represents a serial connection of PTFE and PA
layers. When the switch is on, an instantaneous current Ijp is
generated that can be expressed as

Vb _
Imzﬁe v (2)

where R is the resistance of the external circuit, 7 is the time
decay constant, and 7 = RCp. The maximum value of Ijp will
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Figure 1. Structural design of the vibration sensor-based fully wireless vibration online monitoring system. a) Schematic illustration of the fully wireless
vibration state online-monitoring system based on the all-in-one vibration sensor for the key electrical equipment in power grid. b) Expanded structural
composition of the TENG, insets 1 and 2 show the SEM images of the triboelectric layers (scale bar are both: 1 um). c) Photographs of the fabricated

TENG in front view and top view (scale bar: 20 mm).

decay exponentially with time. Thus, the TENG with ID current
form can be equated to a series of the voltage source and constant
value of Cp while the equivalent capacitance in conventional
TENG is varied continuously under movements (the detailed pro-
cess is described in Figure S2 in the Supporting Information).
For any external vibration excitations, an alternative con-
tact-separation movement occurs between the movable layer
and fixed layers of TENG, and the electricity generation pro-
cess operates accordingly. The fabricated TENG was driven by
a linear motor in a quantified investigation (Figure S3 in the
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Supporting Information), and its output current and trans-
ferred charge were measured with a load resistance of 100 MQ.
As shown in Figure 2b,c, the experimental results are well
matched with the working mechanism in each stage. The
coupling of dual charge accumulation and mechanical switch
enables the TENG to exhibit a large peak current and transfer
charge in stages (i) and (iii). Consequently, the counted total
transferred charge of TENG under one cycle is =1.2 uC, nearly
three times higher than conventional TENG (Figure S4 in the
Supporting Information).
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Figure 2. Schematics of the working mechanism of TENG. a) i—iv) Schematic of charge distribution and current direction under a full cycle for a simpli-
fied TENG. b) The generated current, and c) the transferred charge of the TENG with an external load resistance of 100 MQ.

2.2. Output Performance and Characteristics

Figure 3a presents the output current for driving the TENG
in one cycle with a smaller external resistance of 1 MQ, which
results in an ID current with a much larger peak value in stages
(i) and (iii). In contrast, stages (i) and (iv) belong to the con-
ventional CD current and still have a little peak value. Among
them, the ID current at stage (i) is further observed as shown in
the enlarged view of Figure 3b. The phenomenon of multipulse
signals happens due to the air breakdown occurring between
the mechanical contacts in continuous proximity. Specifically,
as the movable layer gradually approaches the bottom layer,
the electric field built up by the unbalanced charge exceeds the
breakdown electric field will cause the air breakdown between
the mechanical contacts. During the first air breakdown, a par-
tial unbalanced charge can be transferred between the bottom
electrode and the steel sheet until the unbalanced charge is not
sufficient to maintain the electric-filed strength of the air break-
down voltage. Therefore, a current peak is generated. Subse-
quently, the movable layer continues to move toward the bottom
layer in a certain position, and the newly established electric
field once again exceeds the breakdown electric field due to the
reduced distance between contacts. Thus, the air breakdown
occurs again, in which other parts of the charge transfer will
generate a new current peak. After several air breakdowns,
the contacts are touched on and all the unbalanced charge is
transferred, which makes the charge transfer continuously
rather than instantaneously, resulting in a wider waveform
than before. Additionally, the amount of transferred charge is
obtained by integration of the output current, which remains
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consistent with Figure 2c in stage (i). Meanwhile, the voltage—
charge (V-Q) plot based on the measured current is graphed in
Figure 3c. The output energy E, can be calculated by

Eo. =]VdQ 3)

From the V-Q plot, a 0.21 m] output energy in one cycle is
obtained. It can be seen that the output energy is mainly deliv-
ered in stages (i) and (iii), while stages (ii) and (iv) are almost
with invalid output energy.

To further investigate the electrical output performance of
TENG, the dependence of the V-Q plot for varied load resist-
ances is shown in Figure 3d. Specifically, the values of E,, in
ID output remain almost constant with different resistances,
which is illustrated in Figure 3e for stage (i), while the values of
E,. in CD output exhibit a significant gain with higher resist-
ance values, as shown in Figure 3f for stage (ii). Therefore, the
E,. in CD output should be optimized by applying a matched
large load resistance, but ID output will be free.

Besides, the TENG is driven by varied frequencies to fur-
ther investigate the output characteristics, and the experimental
results of the output current with external resistance of 1 MQ are
shown in Figure 3gh. For conventional CD mode, the output
current is highly dependent on frequency because the max-
imum charge transfer rate is determined by the moving speed,
thus resulting in a larger current peak at higher frequencies. As
the constant charges of —Q, and Q, are transferred in stages (ii)
and (iv), respectively, the peak output current will increase as
the drive frequency increases. In contrast, the ID mode profits
from the mechanical switch triggered after charge accumulation,
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Figure 3. The electrical output performance of the TENG. a) The output current of the TENG with an external load resistance of 1 MQ and b) the
enlarged view in stage (i). ¢) The V-Q plot of the TENG with an external load resistance of 1 MQ. d) Dependence of V-Q plot under varied load resist-
ances, and the enlarged view in e) stage (i) and f) stage (iii). g) Dependence of output current under varied frequencies, and the enlarged view h) in
stage (ii) and stage (iv). i) Output current comparison between the initial fabricated TENG and the one placed after 3 months.

where the output current is generated only when the contacts
reach a fixed position from each other, and all the current in this
mode is generated by the discharges between the mechanical
contacts. On the other hand, the peak intensity here is attributed
to the amount of charge that participated in discharge, which is
approximately equal in discharge cycles. Therefore, the ID mode
shows a relatively uniform current peak for different frequen-
cies, which is a valuable feature for the energy supply and reli-
able signal identification in various vibration states.

Additionally, the sustainability of the TENG was also con-
firmed by a long-term evaluation. After the TENG to be driven
500k cycles and placed in the lab for 3 months, the output
remains well constant as shown in Figure 3i. Benefiting from
minimum abrasion under the contact-separation mode, the
designed TENG demonstrates excellent durability that can be
regarded as a favorable characteristic for long-lifetime employ-
ment as a distributed sensor.
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2.3. Structural Parameters Optimization

Figure 4a shows a “4-Port” method for output charge meas-
urement that has been adopted to validate the opposite-
charge-enhanced effect in previous work.’®l Specifically, the
method involves both electrodes and contacts grounded to
measure the output charge at the P; port, while the transferred
charge during stage (i) to stage (iv) is Q1—Q,, —Q,, 0, and Q;,
respectively (Figure S5 in the Supporting Information). Based
on this method, the transferred charge of our designed TENG
at P; was measured as shown in Figure 4b, and the experi-
mental results confirmed the generated triboelectric charges of
Q; and Q, and its co-accumulation charges of Q;—Q,. In this
case, the amount of transfer charges Q; and Q, together plays
an essential role in enabling a high energy output of the TENG.

Since the transfer charges of the TENG are mainly influ-
enced by the structural parameters, such as the surface
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Figure 4. Structural parameters optimization of the TENG. a) Schematic illustration of the output charge measurement for various positively charged
materials under the “4-Port” method. b) The measured transfer charge by PA as positively charged material. ¢) The counted Q;, Q,, and Q1-Q, with
various positively charged materials. d) Schematic illustration of the output charge measurement for various movable vibration spaces under the
“4-Port” method, and e) its counted Q;, Q,, and Q1—-Q,. f) Schematic illustration of the output charge measurement for TENG without mechanical
switch. g) The measured output current for an external load resistance of 100 MQ with various movable vibration spaces. h) Schematic illustration of
the mechanical excitation analysis for the movable layer. i) The output energy and energy conversion efficiency under various movable vibration spaces.

charge density within the triboelectric materials and overall
vibration space provided for contact separation, which should
be optimized, respectively. For the triboelectric materials,
PTFE is considered the most triboelectric negatively charged
material that can be paired with steel to achieve a maximum
Q,, while a more positively charged material in top fixed
layer paired with PTFE needs to be investigated to obtain the
maximum Q;. Hence, the TENG was designed into different
positively charged materials such as polyethylene, polyimide,
and PA with the same thickness. Based on the measured
transferred charge (Figure S6 in the Supporting Informa-
tion), the counted Q;, Q,, and Q;—Q, are plotted in Figure 4c.
Obviously, the different materials introduced mainly lead to
a variation in the Q;, which reflects their ability to donate
electrons. In particular, the employed PA exhibits maximum
charge transfer with a maximum Q; of 198 nC, thus it can be

Adv. Energy Mater. 2023, 2300051 2300051

considered as the optimum material to achieve higher output
performance.

On the other hand, the TENG was designed into different
overall vibration spaces to measure the transferred charge
(Figure S7 in the Supporting Information), and the counted Qj,
Q,, and Q;—Q, are plotted in Figure 4e. From the experimental
results, the transferred charge of Q; and Q, increases with the
vibration space in the 1-3 mm, but it becomes saturated over
the further increment, and eventually becomes a maximum
Q—Q, of 405 nC at 4 mm. This behavior can be explained
through the working mechanism of contact-separation TENG
that increasing the separation of TENG leads to an increase in
a potential difference between the triboelectric layers, and then
plateaus after a threshold separation. Such a tendency will exist
in an optimum separation distance where the negative charges
of triboelectric layer are fully screened by the opposite charges

(7 of 14) © 2023 Wiley-VCH GmbH
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from only one electrode. Explainably, the practical distance that
is less than the optimum separation will cause the reduction of
the transferred charge, and any further separations exceeding
the optimum distance will not promote the charge quantity, thus
resulting in the transfer charge saturation after a higher separa-
tion distance. As a comparison, Figure 4f illustrates the orig-
inal TENG without mechanical switch, i.e., the pairs of PTFE
and PA, PTFE and steel, respectively. The output charges were
measured under the maximum separation distance (Figure S8
in the Supporting Information), and the experimental results
show that the original TENGs based on the above-mentioned
two combinations have maximum transfer charges of 237 and
225 nC, respectively. Both of these values are larger than the Q;
and Q, measured in Figure 4e. The reason is that the designed
TENG may be affected by a large parasitic capacitance due to
the multilayered structure in cooperation,®”) resulting in a fact
that generated triboelectric charge not being fully transferred
through the external load.

Furthermore, energy conversion efficiency is a key parameter
to evaluate the output performance of TENG in terms of both
energy harvesting and utilization. This parameter can be usu-
ally regarded as the ability to convert external mechanical exci-
tation into electrical output. In this case, the energy conversion
efficiency 17 can be defined as
n=Lm “

Ein

where E, is the occurred external mechanical excitation and
E,y is the generated energy of TENG. To explore the overall
output energy E, for TENG, the output current into different
vibration spaces was measured by connecting to external
loads resistance of 100 MQ, as shown in Figure 4g. Based on
the experimental results, the V-Q plots (Figure S9 in Sup-
porting Information) were graphed and the output energies
E,. were further counted in Figure 4i. It can be seen that
the E,, increases linearly with d growing from 1 to 3 mm,
and gradually reaches the saturation status with a maximum
Egue = 0.29 m] at 4 mm. The observed increment in E,, is
intrinsically attributed to an increased transfer charge as
mentioned above.

For mechanical excitation, the movable layer in vibration
space is focused on input energy analysis, as shown in the inset
of Figure 4h. The movement of the movable layer requires suf-
ficient mechanical excitation for a full contact separation pro-
cess with the top and bottom layers. Based on the mechanical
energy conservation, we assume that the required kinetic
energy is fully converted into potential energy in one cycle, i.e.,
the minimum mechanical excitation to ensure the normal oper-
ation of the TENG. Thus, the required mechanical excitation
E;, can be evaluated by potential energy at different vibration
spaces, which is expressed as follows

B, =G-Ah (5)

where G is the gravity of the movable layer, and G = mg. m is
the mass of the movable layer, g is the gravitational acceleration
(g=9.8 m s72). Ah is the effective moving distance in the whole
vibration space of d. The mass of the movable layer is shown in
Figure S10 in the Supporting Information, where the detailed
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numerical calculation of the energy conversion efficiency is also
presented. Therefore, the efficiency 7 is further obtained under
various movable vibration spaces, as shown in Figure 4i. The
relationship between 1 and d can be divided into two parts, in
which 77 maintains well efficiency with increasing d from 1 to
3 mm, while decreasing rapidly from d = 4 mm, such that the
highest 17 of 0.25 is obtained at 3 mm. It can be concluded that
the TENG at 3 mm vibration space is close to the optimum sep-
aration value that can be selected to achieve optimum energy
conversion efficiency with high output energy, simultaneously,
where the optimized structure is highly favorable to ambient
vibration adaptation and high power demand in practical engi-
neering applications.

2.4. Dual-Channel Power Management Circuit Combination

Based on the excellent output performance of TENG, a dual-
channel PMC with only rectifier diodes is designed for external
loads. The structure and working mechanism of the simple
PMC are shown in Figure 5a and Figure S11 in the Supporting
Information. In this case, the ID current and CD current gen-
erated by TENG can be finely separated into two DC outputs.
With the dual-channel PMC connected to the TENG, the meas-
ured output currents of each channel are shown in Figure 5b,c,
respectively.

For an in-depth comparison of the output characteris-
tics between the ID-channel and the CD-channel, the output
voltage and current of each channel were measured under
varied external load resistances and the peak values of voltage
and current are shown in Figure 5d,e. Under the CD-channel,
the output voltage rises gradually from 0 to 225 V with the
increased load resistance from 1 kQ to 1 GQ, while the output
current falls from 3.7 uA to 0, exhibiting a reverse trend. But
for the ID-channel, a stable output voltage of about 800 V can
be maintained at different resistances, while the output cur-
rent increases rapidly with decreased load resistance, reaching
a large current of 0.78 A with a resistance of 1 kQ. Since the
mechanical switch is introduced to keep the established poten-
tial to a maximum value, whose output voltages are inde-
pendent of the load resistance. Thus, a smaller load can be
powered by a larger current.

Meanwhile, the output powers for dual-channel are also
obtained with varied external load resistances as shown in
Figure 5f. Specifically, the output power of CD-channel rises
gradually with the increased load resistance and then becomes
a downtrend, and a maximum output power of 0.35 mW can
be reached at a high resistance load of 1 MQ. Such a tendency
is consistent with the output characteristics of conventional
TENG. Unlike the above output characteristic, the output
power of the ID-channel exhibits a dramatic rise with the
decreased load resistance, and eventually reaches a giant output
power of 616 W at 1 kQ, which exceeds 10° times more than
the CD-channel. Benefiting from the mechanical switch trigger
mechanism, the ID-channel features close to zero internal
resistance that enables a high-power supply for low-impedance
loads, while the CD-channel is just suitable for high-impedance
loads because of its intrinsic characteristic with large internal
resistance.
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Figure 5. Dual-channel power management circuit combination for the TENG. a) Schematic illustration of the dual-channel power management circuit.
The measured output current of the TENG in b) ID-channel and c) CD-channel with both external load resistance of 1 MQ. Variations of the d) output
voltage, e) current, and f) peak power of the TENG in dual-channel depend on varied external load resistances. g) The energy supply capacity of the
TENG in dual-channel for series and parallel connected LED arrays. Comparison of the power supply capacity for high-power lamps in parallel via h) our

designed TENG and i) high-speed rotary TENG.

To further explore and compare the power supply capabili-
ties of the two channels generated by TENG, the LED arrays
were applied as external loads connected to the PMC for visual
comparison. Specifically, 50 green LEDs were connected in par-
allel to the ID-channel, while 50 blue LEDs were connected in
series to the CD-channel. Notably, the LEDs in parallel have low
internal resistance, while the series form offers large internal
resistance. Of course, the LEDs herein are high power (20 mA,
3V) with a 10 mm diameter as shown in Figure 5g (the detailed
circuit diagram is shown in Figure S12 in the Supporting Infor-
mation). As the TENG was driven by a linear motor at a fre-
quency of 1 Hz, both channels of the LED arrays can be illu-
minated, which confirms the power supply capability of the
ID-channel for low-impedance loads in paralleled LED form. In
addition, the LED loads were exchanged with each other and
then connected to the channels, ie., the blue LEDs in series
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are connected to the ID-channel and the green LEDs in par-
allel are connected to the CD-channel. With the same power
supply conditions as above, the ID-channel remains excellent
for large impedance loads, but the CD-channel can only light
ten LEDs, and more LEDs introduced will not be available. The
verification process is further demonstrated in Movie S1 in the
Supporting Information. Finally, Figure 5h illustrates ten com-
mercial high-power lamps (50 W, 220 V) being introduced into
the ID-channel in parallel, and all of them were illuminated
by TENG. Additionally, the conventional TENG is referred for
comparison with our designed TENG, while the rotary TENG
has been regarded as the most high-output, high-efficiency, and
sustainable energy supply in all prototypes of the conventional
TENG modes. As a comparison, a rotary TENG as an example
was utilized to illuminate six lamps in parallel, as shown in
Figure 5i. However, such a large-sized conventional TENG
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would be driven by a high speed with 400 rpm to generate the
required giant output power. The comparison process is dem-
onstrated in Movie S2 in the Supporting Information.

2.5. Vibration Sensor Construction and Demonstration

Figure 6a demonstrates an all-in-one sensing system com-
bined with TENG and IR communication. Typically, IR LED
is utilized as a transmitter paired with an IR receiver module
to form a wireless communication system, which can transmit
information by IR waves in the ambient medium. The IR LED
introduced here as an external load and also features a wire-
less communication module, therefore, it is a promising way to
combine the IR LED with the TENG together into a vibration
sensor for further attempts. However, a reliable signal transmis-
sion based on IR communication over a long distance requires
an adequate power supply to ensure effective signal transmis-
sion. In this regard, a commercial current power source instead
of TENG was employed to drive an IR LED in order to investi-
gate the transmission capability, and the generated IR intensity
was collected simultaneously by an IR receiver module. Here,
the IR intensity can be defined as

Vee =V,

IRintensity = ot x100% (6)

CcCc
where V( is the power supply voltage of the IR receiver as well
as the reference voltage, V, is the output analog signal from
the IR receiver. Subsequently, the dependence of the received
IR intensity with varied forward currents passing through the
IR LED was measured under a communication distance of
50 cm, as shown in Figure 6b, and the inset shows the V-I plot
of the IR LED. From the experimental results, it can be found
that as the forward current increases, the value of V,, increases
accordingly to exhibit a better IR intensity. Notably, a large cur-
rent of mA-level is required for the IR LED to maintain well
communication.

Given such features, the IR LED was connected to the
TENG for functional verification, and an electromagnetic
shaker is operated as an excitation source. Take the excitation
of vibration frequency with 10 Hz as an example, the vibra-
tion sensor was successfully driven to enable communication
with a distance of 50 cm. The generated signal by the TENG
and the output signal feedback from the IR receiver as shown
in Figure 6c¢,d, respectively. It can be observed that the ID-
channel of the TENG can supply sufficient energy for the IR
LED, and simultaneously transmit the output properties com-
pletely with a peak IR intensity of 45%. In contrast, the IR
LED was also driven by the conventional contact-separation
TENG which provided only a weak IR intensity of 2% as well
as being available over short distances of 10 cm (the detailed
verification is shown in Figure S13 in the Supporting Infor-
mation). Therefore, the unique combination of our designed
TENG and IR LED can enable an all-in-one vibration sensor
to realize stable signal transmissions. Specifically, the TENG
generates a giant ID current under the periodic contact-sepa-
ration that can power the IR LED to ensure wireless com-
munication. On the other hand, the transmitted pulse signal
can also feedback the vibration frequency information of the
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current vibration excitation. With the features of self-powered,
vibration sensing, and wireless communication, the all-in-one
vibration sensor opens up novel pathways for vibration state
online monitoring.

For engineering applications in the electrical field, a func-
tional IR LED is also necessary to be selected that fully utilizes
the energy generated by the TENG to establish reliable commu-
nication. Therefore, the intrinsic parameters of the LED were
systematically investigated in terms of central wavelength 4 and
diameter @. Figure 6e illustrates the dependence of IR intensity
with communication distance for IR LED with various param-
eters. Compared to 4 = 940 nm, the IR LED with A = 850 nm
enables farther communication under the same excitation, this
is because the shorter wavelength of A = 850 nm with higher
frequency demonstrates a better penetration ability in the
ambient medium. Meanwhile, it can be found that after the
diameter of IR LED in 850 nm increases from ® =5 mm to ® =
10 mm, the IR intensity increases significantly, which results
in stronger signals and reliable transmission at a communica-
tion distance of 200 cm or even farther distance. The attenu-
ation of the IR intensity over longer distances can be fitted
out via a one-phase exponential decay function as indicated in
Figure Ge. The estimated results show that the longest commu-
nication distance could be up to 1000 cm. Hence, the 850 nm
IR LED with ® =10 mm is an optimum choice for a transmitter
of vibration sensor in practical applications. Table S1 in the
Supporting Information illustrates the comparison with previ-
ously reported TENG-based wireless communication sensor
systems. In comparison, the TENG in this work is designed
with a compact sandwich structure, which can be easily trig-
gered by microvibration of 3 mm. Moreover, the whole sensor
avoids extra-long pre-charging time for the external signal pro-
cessing module that enables real-time signal transmission.
Furthermore, the IR communication perfectly eliminates the
electromagnetic interference of RF-based technology while at
near-electromagnetic fields in power grid. More importantly,
the mechanical switch-triggered TENG with lighter weight and
smaller size provides giant power for IR LEDs to deliver long-
distance wireless transmission, which enables the sensor to be
installed into the inside even bottom of the large equipment for
transmitting the invisible or imperceptible abnormal signal in
the complex interior structure. The all-in-one vibration sensor
represents a breakthrough in terms of practicality for online
monitoring applications in electrical equipment.

Finally, the vibration sensor is integrated with microcon-
troller unit (MCU) and mobile phone platform to establish a
fully wireless vibration online monitoring system, as shown in
Figure 6f. In the platform, The ESP-32 MCU combined with
the IR receiver forms a repeater to further signal conversion
and transmission. Meanwhile, a graphical user interface was
designed on the mobile phone for the vibration states visualiza-
tion. Additionally, an electromagnetic shaker is operated as an
excitation source to simulate the vibration on electrical equip-
ment. The vibration frequency can be regulated via a signals
programmer involving a signal controller and a power ampli-
fier. The workflow of the fully wireless communication net-
work is illustrated in Figure 6g. Once the vibration sensor is
triggered, the generated state information will be transmitted
from IR LED to the repeater, whose MCU performs the analog-
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Figure 6. Demonstration of the all-in-one vibration sensor for fully wireless vibration state online monitoring. a) Schematic illustration of an all-in-one
sensing system combined by TENG and IR communication. b) The received IR intensity at a 50 cm communication distance with varied currents pass
through the IR LED. c) The generated signal by the vibration sensor and d) the output signal feedback from the IR receiver (under a communication
distance of 50 cm). e) Dependence of IR intensity with communication distance for IR LED with various parameters. f) Photograph of the fully wire-
less vibration online monitoring system. g) The workflow diagram of the fully wireless communication network. h) Demonstration of vibration state

online-monitoring visualized by a mobile phone.

to-digital conversion and sends the data to the phone via the
built-in WiFi module. In this case, IR communication enables
in situ vibration online monitoring in a gap space that cannot
be covered by traditional communication, while the WiFi-based
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network allows the vibration data to be sensed over a wide area.
Thus, the established fully wireless communication network
realizes complementary advantages to each other for a broad
interaction in eloT.
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For any triggered vibration excitation, the vibration data can
be transmitted quickly in the wireless communication network,
and eventually visualized on the mobile phone (Figure 6h and
Movie S3 in the Supporting Information). Based on the vibra-
tion data, the current frequency and frequency distribution can
be checked by users. In this demonstration, abnormal vibrations
with three different frequencies are used to drive the sensor,
and the experimental results show that the obtained frequen-
cies are consistent with the excitation frequencies (Table S2 in
the Supporting Information). Benefiting from the true feedback
of the vibration excitation, the pulse statistics via the TENG
output signal provide a promising method to obtain accurate
frequency information about the actual situation. Also, the inte-
grated IR communication makes the all-in-one sensor become
more fast and more sensitive in the vibration information inter-
action. As an extension, the current vibration state can also be
evaluated according to defined frequency thresholds. The above
demonstration proves the potential of a fully wireless vibration
online monitoring system applied to vibration frequency-based
state monitoring in a convenient and reliable manner. The
TENG-based all-in-one sensing system can be considered a flex-
ible, effective, and low-cost method for the distributed in situ
online monitoring of most key electrical equipment such as the
typical scenarios of hydraulic turbine, transformer, gas-insu-
lated switchgear, and transmission line. The whole system also
provides a novel perspective for long-term equipment health
condition monitoring, whose abnormal vibrations can be fur-
ther utilized for in-depth evaluation of equipment defect issues.
Moving forward, the miniaturization and integration of sensors
is an essential trend for the deep construction of distributed
sensors in the future smart grid, which is also a technical chal-
lenge to make it lighter, easily deployed, and well-networked for
the universal vibration monitoring of various electrical equip-
ment, resulting in a new set of miniature intelligent sensing
technology solutions for eloT construction.

3. Conclusion

In summary, an all-in-one vibration sensor integrated by TENG
and IR LED is proposed for online monitoring of the vibration
frequency state. The TENG consists of a three-layered sand-
wich structure with integrated mechanical switches, which can
be triggered to release co-accumulated charges as the middle
movable layer moves between the top and bottom fixed layers
periodically. Based on structural design, the output character-
istics of ID mode maintain stable maximum output energy
for different external resistances and are even independent
of frequency. Moreover, the “4-port” method was applied to
verify the co-accumulated charges of Q—Q,, as well as to opti-
mize the structural parameters of TENG in terms of paired
triboelectric materials and vibration space. The experimental
results have given an optimum energy conversion efficiency
1 of 0.25 with the coupled PTFE and PA in a microvibration
space of 3 mm. For the external circuit of the optimized TENG,
a dual-channel PMC was designed to enable the DC output of
the individual ID-channel and CD-channel. The ID-channel
generates giant instantaneous power of 616 W at small resist-
ance of 1 kQ that successfully illuminates parallel-connected
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LED arrays and 50 W high-power lamps. This unique output
characteristic makes it with lighter weight and smaller size
compared with previous TENG under the same output. Finally,
an 850 nm IR LED with ® = 10 mm as a transmitter is con-
nected to TENG to form an all-in-one vibration sensor. Under
the simulated vibration excitation, the ID output generated
from the sensor provides a giant power supply to the IR LED
for distance communication up to 1000 cm, and simultane-
ously serves as a sensing signal for the vibration state. Such
long-distance signal transmission based on IR communication
as well as the features of electromagnetic interference-free and
nonmetal shielding represents a breakthrough for the tradi-
tional RF technology limited in the power field. Integrated IR
receiver and MCU-based repeater as well as mobile phone plat-
form into the sensor to demonstrate a fully wireless vibration
online monitoring system, enabling a visual function for vibra-
tion frequency monitoring and predefined state evaluation over
a wide area. The proposed work provides a high-power output
and high-efficiency method to extend the TENG technology
into a broad range of power supplies, and more importantly,
the combined all-in-one vibration sensor offers considerable
potential to be deployed into most high-voltage electrical equip-
ment and even its interior scenes toward the challenge of in
situ monitoring with abnormal vibration and further intrinsic
defect analysis.

4. Experimental Section

Modification of PTFE and PA Film: The PTFE films (10 and 100 um
in thickness) and PA film (100 um in thickness) were placed in an
inductively coupled plasma instrument (STS LPX ASE-SR) chamber, and
etched by 400 W, 40 kHz air plasma for 10 and 5 min, respectively. After
that, the treated samples were ultrasonically cleaned with deionized
water and ethanol successively, then dried in a drying oven before use.

Fabrication of TENG: The TENG mainly consisted of two components:
two fixed layers and a movable layer.

For the two fixed layers, a 2 mm thick acrylic sheet was cut by a laser
cutter (Universal Laser System PLS6.75) as substrates with dimensions
of 90 mm x 90 mm. The 60 mm x 60 mm sponge layer (1 mm in
thickness) and copper foil (50 um in thickness) were attached to the
center of the acrylic substrate, sequentially. Next, the PA film (100 um
in thickness) and PTFE film (100 um in thickness) of the same size as
above were attached to the surface of the copper foil as the top and
bottom fixed layers, respectively. Meanwhile, 1 mm x 1 mm copper foil
with an acrylic pad was attached to the edge of the acrylic substrate as
mechanical contact.

For the movable layer, a 0.5 mm thick steel chip was cut into a square
with a major area of 60 mm x 60 mm, while mechanical contact was
extended at one side and also with four legs in corners. Next, the PTFE
film (10 wm in thickness) of the same size was attached to the upper
surface of the steel. Finally, four sets of steel springs (12 mm x 12 mm
x5 mm) were fixed between the fixed and moveable layers.

Experimental Measurements: A field-emission SEM (Hitachi SU8010)
was used to characterize the surface nanostructures of etched PTFE and
PA film. For the evaluation of basic output performance, the periodic
contact—separation process TENG was driven by a linear motor (LinMot
HO01-37x166/280) in quantified measurement. For the vibration sensing
monitoring, the TENG was mounted on an electromagnetic shaker
(HEV-50) driven by an amplifier (HEA-50) and signal controller (RIGOL
DG10227) with a sinusoidal signal output. The typical electrical signals
of the TENG were measured by a programmable electrometer (Keithley
6514). The high-sensitivity acquisition card (National Instrument NI
9220, 16-channel voltage measurement module, + 10 V) was used to
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measure high-frequency giant current from the equation | = V/R. The
measurement signals were visualized in a high-speed data acquisition
system under LabView 2016. An oscilloscope (TELEDYNE LECROY,
WaveRunner 8054) was used to measure the voltage higher than 200 V.
The DC power supply (TN-XXZ02) was adopted as the current source for
testing the IR LED.

Demonstration: The fully wireless vibration online monitoring system
was integrated with a vibration sensor, a repeater, and a mobile phone,
which worked together to enable fully wireless communication in IR
and WiFi modes. An IR LED (wavelength: 850 nm, diameter: 10 mm)
as a transmitter was integrated into TENG to form a vibration sensor.
The repeater consisted of an IR receiver module and an ESP-32 MCU
(sampling frequency of 100 kHz, 2.4 GHz Wi-Fi module). The graphical
user interface (GUI) on the mobile phone for vibration state visualization
was built on Blynk, an open-source 1oT platform.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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