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A Flexible, Adaptive, and Self-Powered Triboelectric
Vibration Sensor with Conductive Sponge-Silicone for

Machinery Condition Monitoring

Yongjiu Zou, Minzheng Sun, Xinyu Zhang, Junpeng Wang, Fangming Li, Fangyang Dong,
Zhenhang Zhao, Taili Du,* Yulong Ji, Peiting Sun, and Minyi Xu*

Vibration sensors for continuous and reliable condition monitoring of
mechanical equipment, especially detection points of curved surfaces, remain
a great challenge and are highly desired. Herein, a highly flexible and adaptive
triboelectric vibration sensor for high-fidelity and continuous monitoring of
mechanical vibration conditions is proposed. The sensor is entirely composed
of flexible materials. It consists of a conductive sponge-silicone layer and a
fluorinated ethylene propylene film. It can detect vibration acceleration of 5 to
50 m s=2 and vibration frequency of 10 to 100 Hz. It has strong robustness and
stability, and the output performance barely changes after the durability test of
168 000 working cycles. Additionally, the flexible sensor can work even when the
detection point of the mechanical equipment is curved, and the linear fit of the
output voltage and acceleration is very close to that when the detection point is
flat. Finally, it can be applied to monitoring the working condition of blower and
vehicle engine, and can transmit vibration signal to mobile phone application
through Wi-Fi module for real-time monitoring. The flexible triboelectric

networks (WSNs) have been widely used
in industry, agriculture,”) military,®!
and other fields.[*®) Vibration sensors are
widely used in machinery,”) construction,[®]
transportation,®) and medical fields.['%) It
can judge the operating condition of the
equipment by monitoring the vibration
parameters, such as frequency, amplitude,
speed, and acceleration signals,[''* so
as to improve the operating efficiency and
safety. How to realize long-term reliable
power supply of a large number of wireless
vibration sensor nodes is one of the thorny
problems.['>1¢] Wireless vibration sensor
nodes are now mostly powered by batter-
ies, which have problems such as limited
storage energy and need to be replaced
regularly, limiting the use of wireless sen-

vibration sensor is expected to provide a practical paradigm for smart,
green, and sustainable wireless sensor system in the era of Internet of Things.

1. Introduction

With the rapid development of Internet of Things (IoT) and
information/intelligent technology, wireless distributed sensor
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sors, especially in places where sensors
are urgently needed but power supply
is difficult.['” 8] Therefore, as the power
consumption of electronic devices becomes
lower and lower, there is an urgent need to
develop a sustainable, green, and universal alternative power sup-
ply solution.[192]

In 2012, Professor Wang Zhonglin’s team invented the tribo-
electric nanogenerator (TENG), which is based on the principles
of triboelectrification and electrostatic induction and has broad
application prospects.?'2)] TENG has advantages of efficient
mechanical-to-electrical energy conversion, self-sustainability,
broad material availability, low cost, and good scalability, and can
directly convert wide-band mechanical motion into high-voltage
and low-noise electrical signals, presenting absolute advantages
in the field of self-powered vibration sensing technology.[?*-2¢]
Recently, triboelectric vibration sensors have achieved more ad-
vanced results in the vibration monitoring of marine diesel
engines,!?’] blowers, %] railway structures!?’! and bridges.[*! Ac-
cording to the different structures, it is mainly divided into two
categories: resonant vibration sensorl*!32! and non-resonant vi-
bration sensor.>***! Resonant vibration sensors generally rely
on the movement of assisted structures such as springs!**! and
shrapnell®®] to generate electrical signals, but due to the con-
straints of assisted structures, its application in a wide range of
vibration frequencies is limited. Non-resonant vibration sensors
generally use small balls, 3% liquid metal,3*#°] mass blocks!®*!]
as the internal structure of the device, through which electrical
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signals are generated with the movement of the vibration source.
They detect amplitudes in the millimeter range, with a minimum
of 3.5 ym, and frequencies ranging from 1 to 2000 Hz. However,
the common problem they have now is that they can only detect
the vibration condition when the measuring surface is a planar,
and it is difficult to measure effectively when the measuring sur-
face is a curved surface, such as industrial pipelines and equip-
ment with special shape.l****] Therefore, designing highly flexi-
ble triboelectric vibration sensors capable of measuring curved
surface vibration to improve the detection accuracy remains a
major challenge.

Therefore, in this work, we report a highly flexible vibra-
tion sensor based on TENG (HF-TENG) for machinery condi-
tion monitoring. The HF-TENG consists of a conductive sponge-
silicone layer and a fluorinated ethylene propylene (FEP) film at-
tached to a flexible conductive fabric as the electrode. The sponge-
silicone layer is formed by pouring silicone into a conductive
sponge, where the silicone acts as the tribo-material and the con-
ductive sponge acts as the electrode. The HF-TENG can detect
vibration acceleration in the range of 5 to 50 m s~2 and vibration
frequency in the range of 10 to 100 Hz. When the silicone mass
is 2 g and the air gap is 1 mm, the output signal of the square HF-
TENG is the strongest, and the linear fitting degree with the accel-
eration is the best. Meanwhile, the HF-TENG has strong robust-
ness and stability, and the output performance barely changes
after the durability test of 168 000 working cycles. Moreover, the
outputsignal is processed by the designed circuit and transmitted
to the Arduino Cloud mobile phone application (APP) through
the Wi-Fi module to display the vibration parameters, which is
successfully applied to the working condition monitoring of the
blower and the vehicle engine. This work will greatly accelerate
the development of wireless sensor networks and has important
implications for providing sustainable energy solutions for smart
sensing systems in the era of IoT.

2. Results and Discussion

2.1. Structure and Working Principle of the HF-TENG

As shown in Figure 1a, the application scenarios of HF-TENG are
first demonstrated, including diesel engines, compressors, blow-
ers, and other different types of mechanical equipment. Figure 1b
further shows the structural design of HF-TENG. The HF-TENG
is entirely composed of flexible materials. It consists of a conduc-
tive sponge-silicone layer and an FEP film with a layer of flexible
conductive fabric attached to the back. A 0.5 mm thick conductive
sponge as one electrode was infused with silicone, and the inter-
nal pores were filled with silicone, making the sponge-silicone
layer very malleable (Figure 1c). The conductivity of conductive
sponges has not yet reached the level of pure metals, but the gap
between the two is not large, and it is feasible to use it as a con-
ductor (Figure S1, Supporting Information). The bottom layer is
a 0.1 mm thick layer of flexible conductive fabric that acts as an-
other electrode (Figure 1d), on which is attached a 0.05 mm FEP
film. To make the conductive sponge-silicone layer and FEP film
fully contact and separate under the action of an external exci-
tation source, a 1 mm wide rectangular silicone frame is added
between them. At the same time, a cylindrical silicone mass is
attached to the conductive sponge-silicone layer to increase the
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intensity of the output signal by increasing the contact degree be-
tween the tribo-materials (The physical structure of the silicone
mass and the fabrication procedure of the conductive sponge-
silicone layer are shown in Figure S2, Supporting Information).
Figure 1b,e,f shows the scanning electron microscope (SEM) im-
ages of the sponge-silicone layer and the flexible conductive fabric
layer, respectively.

The working principle of HF-TENG is shown in Figure 1g. In
the initial state, due to the external vibration excitation, the con-
ductive sponge- silicone layer will bend down with the silicone
mass and deform, and contact with the FEP film. Since the two
tribo- materials, the conductive sponge-silicone layer and the FEP
film, have different electronegativity, the silicone surface of the
conductive sponge-silicone layer is positively charged when they
come into contact, while the FEP is negatively charged. Then,
the conductive sponge-silicone layer moves up and down periodi-
cally with the silicone mass, alternately contacting and separating
the FEP, so that the electrons move back and forth between the
two electrodes to balance the potential difference between them,
thus forming an electric current. The potential distribution of
HF-TENG during motion was simulated by COMSOL, which is
completely consistent with the working principle (Figure 1h).

2.2. Theoretical Analysis

To systematically analyze the mechanical motion characteristics
of HF-TENG, it is very important to find out the factors affecting
its vibration motion law. Flexible vibration sensors are generally
used to detect vibration information in the vertical direction of
machinery. According to the structure of the sensor and the me-
chanical motion characteristics of the sponge-silicone layer, the
vibration physical motion model of the sensor is simplified to the
free vibration of the string, which will be more convenient and
intuitive to explore the vibration system and obtain the factors af-
fecting the vibration motion law. The coordinate system shown
in Figure 2a is established for the x—axis with the connection of
fixed points at both ends of the string. One of the segments dx
is used for force analysis. The segment is subjected to the ten-
sion T at the angle &’ up and the tension T at the angle a down.
It is important to note that in the absence of silicone mass, T =
pv?s, where v is the wave velocity of the string, and s is the cross-
sectional area of the string. When there is a silicone mass, the
tension in the string is changed to T = pv?s + %, where m is the
mass of the silicone block, gis the acceleration due to gravity, and
lis the length of the string. Additionally, there are inertial forces
in the upward direction and gravitational forces acting downward
in the vertical direction. Based on Newton's laws, we can formu-
late the equilibrium equation for forces in the vertical direction
for the string as follows:[**]

, . ou?
T'sina’ — Tsina — Pdx = pdx— (1)
o

u represents the vibration mode function of the string, p is the
mass density of the string, P is an external force, and Y and y is
time.
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Figure 1. Application scenario, structure, and working principle of HF-TENG. a) Schematic diagram of the application scenarios of the HF-TENG. b)
Structure of the highly flexible HF-TENG and SEM image of the conductive sponge c) Tensile test diagram of the conductive sponge-silicone layer. d)
Bending test diagram of conductive fabric. €) SEM image of the silicone surface of the conductive sponge-silicone layer. f) SEM images of surface of the
conductive fabric. g) Working mechanism of the HF-TENG. h) COMSOL simulation of the periodic potential change between the two electrodes of the

HF-TENG.

Due to the small vibration amplitude, angles a and a’ are x0;
we can derive the following equations:

. Ju(x,y)
= = 2
Sinag =tana ox 2
au (x + dx,y)
’ A SR £4
sina’ =tana o (3)
dulx + dxy) oulxy) _ouw(xy) dx (4
o0x ox 0x?
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Substituting Equations (2), (3), and (4) into Equation (1):

ou? (x,7) (x U’ (x,y)

To further solve Equation (5) using the method of separation of
variables, let’s assume u(x, y) = X(x) X Y(y), ¢* = %, x is the dis-
tance from dx to the origin, X(x) is the displacement component,
and Y(y) is the time component. Considering the free vibration
of the structure, as follows:

@’ X" (x) X Y(y) =X (x) x Y"(y) (©)

© 2024 Wiley-VCH GmbH

519011 SUOWILIOD BAER.D) 3|qedtdde 3L Aq pouBA0B a6 SO YO ‘98N J0 Sa NI Joj ARIGIT8UIIUO AB]1M UO (SUOTIPUOD-pU.-SWBI 0" AB | 1M ATeIq1pu U0/ 'Sdy) SUONIPUOD PUE SWL | aU) 895 *[1202/80/vZ] U0 Aiqi1auliuo Ao ‘Areiqi] Aisienun enybus L Aq 652608202 IWUS/Z00T OT/I0p/woo" A8 imAIq1puI|uO;/ Sy Woj papeojumod ‘0 ‘6Z89ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

a L b c
Sensor Sectional view Original sensor: Gaps=0mm, Mass=0g Original sensor: Gaps=0mm, Mass=0g
A 30m/s?, Freq y: 30Hz Acceleration: 30m/s?, Frequency: 30Hz
| 01
0.2 )
2
1 . 1 S ‘ﬂ?”
| Length | o g
g ool Q vo
Sensor force model o 8
> 1]
&
v =
d; -0.2 |-
= o h -0.1
g 1 L 1 L 'l 1 L L L 1
1 | 0.0 0.1 0.2 0.3 04 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Time (s) Time (s)
d . e F
—#— 0mm —e— 1mm 2mm —v— 3mm 20 —=—Omm-—e—1mm 2mm —v— 3mm ® 1mm — Linear fit of voltage -
5 1.8 |- 5
S 16}
=
4r Gaps o 14} Gaps 4 Gaps
) ] s
512}
& 3 = g 3
8 Frequency:30Hz O 10 Frequency:30Hz 8 Frequency:30Hz
= = =
o o
S 2t ﬁ 08 [ S 2}
[ 0.6 |-
1 Fooal 1}l R2=0.986
S g a—a—a— Rl Y=0.11x-0.4
0 | ¥—% v v v v v v 02| M
v M v v 0k
1 1 1 1 1 1 1 1 1 1 0.0 L———L * 4 1 i Il 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
Acceleration (m/s?) Acceleration (m/s?) Acceleration (m/s?)
g & h i
4 —a—0g —— 1g 2g —v— 3g 16 |- e 2g Linear fit of voltage °
14 -
40 |- _4—Mass(9)
5k i 12}
2 20| BT s w0l o<
S 25} & sl g
Z o} 2 :
g sl Frequency:30Hz g 6| <
4
10 R2,=0.954
5[ 2y Y=031x-1.55
0 o}
1 L L 1 1 L 1 1 1 L L 1 L i ] L 1 L L L 1
65 10 16 20 25 30 35 40 45 &0 5 10 15 20 25 30 35 40 45 50

Acceleration (m/s?)

Acceleration (m/s?)

Figure 2. Kinematic characteristics and output performance of the HF-TENG. a) The theoretical model of the HF-TENG. b) The open-circuit voltage
and c) transferred charge of the original flexible sensor at 30 Hz frequency and 30 m s~2 acceleration. d) Open-circuit voltage and e) transferred charge
with different air gaps under the accelerations of 5-50 m s=2 when the frequency is 30 Hz. f) Linear relationship between the open-circuit voltage and
acceleration at the frequency of 30 Hz when the air gap is 1 mm. g) Open-circuit voltage of various silicone mass at frequency of 30 Hz under different
accelerations. h) Linear relationship between the open-circuit voltage and acceleration at the frequency of 30 Hz when the silicone mass is 2 g. i) A 3D
graph of the open-circuit voltage at the frequency of 30 Hz with different air gaps and silicone mass.

Introduce the constant — w? into Equation (6) as follows:

a?X" (%) X Y (y) = —a? 7
X (%) X Y (y) = —o? (7)

Utilize the general solution method based on differential equa-
tions; we obtain the final Equation (8) as follows:

X = Acos (%’x) + Bsin (‘j’x) ®)
Y = Ccos (wy) + Dsin (wy)

Under the circumstances, A and B are linked to the boundary
conditions of the string, X(0) = X(I) = 0, C and D are associated
with the initial conditions of the string. Additionally, w = =,i =
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0,1,2,....anda = \/E have significant effects on the vibrational

mode functions of the string.

In conclusion, according to the initial conditions and bound-
ary conditions, the mechanical motion state of the structure can
be obtained. At the same time, according to the motion state of
the shaker, the relative displacement between the tribo-materials
can be obtained. When the relative displacement is greater than
or equal to air gap, the upper and lower tribo-materials contact
alternately to generate current.

2.3. Electrical Output Performance of HF-TENG
To systematically investigate the output performance of the HF-

TENG, the main parameters to be considered include weight
mass, air clearance, and shape. The concentration of metallic
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ingredients in conductive sponges should also affect the output
performance, but the laboratory does not have the conditions for
processing and production at present, we purchased the finished
products, and the manufacturer can only provide products with
this concentration, so we did not explore this aspect later, but it
will become our future research topic. An experimental platform
(shown in Figure S3, Supporting Information) was built to test
the working performance of the HF-TENG. Figure 2b and c re-
spectively show the output voltage and transferred charge of the
original HF-TENG in square shape (without silicone mass and
with no air gap), and the current signals are shown in Figure S4,
Supporting Information. When the vibration acceleration is 30
m s~2 and the frequency is 30 Hz, the output signal is relatively
stable but not strong enough. To enhance the strength of output
signal, the method of increasing the silicone mass and air gap is
adopted. Since the selected research object works at a fixed fre-
quency of 30 Hz, the vibration frequency is controlled at 30 Hz
when studying the influence of air gap. First, in the absence of
the silicone mass, Figure 2d shows the variation of output volt-
age with acceleration at different air gaps when the vibration fre-
quency is 30 Hz. The output voltage is significantly improved
compared with the original device, and it increases with the in-
crease of acceleration. When the air gap is 1 mm, the output per-
formance is the best, and the changes in other conditions are rela-
tively not particularly obvious. The amount of transferred charge
shown in Figure 2e also exhibits the same variation characteris-
tics (signals for short-circuit current are shown in Figure S5, Sup-
porting Information). Figure 2f shows the linear fitting diagram
when the air gap is 1 mm, showing a better effect. Then, the influ-
ence of the different silicone masses on the output performance
is explored when the air gap is 1 mm. Figure 2g shows how the
output voltage of different silicone masses varies with the accel-
eration when the vibration frequency is 30 Hz (the short-circuit
current and transferred charge are shown in Figure S6, Support-
ing Information). It can be clearly seen that the output voltage
has further increased, and it also increases with the increase of
acceleration. When the silicone mass is 3 g, the output voltage is
the largest, but when the acceleration is greater than 35 m s72,
the output voltage suddenly becomes large, and the overall lin-
earity is not good. On the contrary, when the silicone massis 2 g,
although the output voltage is not the maximum, it also increases
linearly with the increase of acceleration (Figure 2h). Therefore,
for the following experimental exploration, devices are selected
to match with the best output effect, that is, the air gap is 1 mm
and the silicone mass is 2 g (the linear fitting of other air gaps
and silicone mass as shown in Figure S7, Supporting Informa-
tion). Figure 2i and Figure S8, Supporting Information sterically
show the variation of output performance of HF-TENG with air
gap and silicone mass when the acceleration is 30 m s72 and the
frequency is 30 Hz.

Furthermore, the influence of different shapes of sensor
(square, triangle, and circle) on the output performance is also
explored (Figure 3a). Figure 3b,c shows the variation of output
voltage of triangular and circular sensors with vibration accel-
eration, respectively (signals of short-circuit current and trans-
ferred charge are shown in Figure S9, Supporting Information).
It can be clearly seen that the output voltage change of the trian-
gle sensor is too stable and the differentiation is small. However,
the output voltage of the circular sensor has a sudden change
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when the acceleration is greater than 35 m s~2, and the perfor-

mance tends to remain unchanged as the acceleration continues
to increase. Figure 3d clearly compares the linearity of the out-
put performance of the three sensors with different shapes. It
can be seen that the output signal of the square sensor has the
largest intensity and the highest linearity (Detailed output per-
formance is compared in Figure S10, Supporting Information).
Next, we continue to study the influence of vibration frequency
on the output performance of HF-TENG. Figure 3e,f and Figure
S11, Supporting Information respectively show the vibration of
the output voltage, transferred charge and short-circuit current
of the square sensor with acceleration at different frequencies,
all of which show a good linear relationship (Figure S12, Sup-
porting Information). As can be seen from Figure 3g, when the
amplitude is 0.5 mm, the voltage of square sensor increases with
the increase of frequency, showing a good linearity (Figure 3h). At
the same time, the amount of transferred charge and short-circuit
current of the square sensor also present a good linear relation-
ship under the same condition (Figure 3i and Figure S13, Sup-
porting Information). Finally, the durability experiment of the
sensor is done. After about 168 000 working cycles, the output
effect is almost unchanged, proving that it can work for a long
time (Figure 3j).

Since in the actual mechanical application scenario, not all the
working surfaces are planar, there are many curved surfaces.[*>6]
Therefore, to demonstrate the advantages that HF-TENG can
also work normally and effectively on curved working surface,
experiments are conducted to measure vibration information
with a flexible sensor on a curved pipe, and the output perfor-
mance measured by the sensor on a planar surface is compared.
Figure 4a shows the simulation platform for HF-TENG testing
on a bend pipe. Figure 4b and c respectively show that when the
inner diameter of the bending pipe is 10 cm, both the output
voltage and the amount of transferred charge of the HF-TENG in-
crease linearly with the increase of vibration acceleration (signals
of short-circuit current is shown in Figure S14, Supporting In-
formation). Under the same condition, different inner diameters
of bending pipe are also investigated experimentally. Figure 4d
shows the variation law of output voltage and acceleration when
the inner diameter of the bending pipe is 5,10,15 cm, both of
which show good linearity. Moreover, when the acceleration is
30 m s72, the output voltage generated by the experiments on the
curved surface is slightly lower than that on the planar surface
under the same condition (Figure 4e). Signals of short-circuit
current and transferred charge are shown in Figure S15, Sup-
porting Information. In the same case, the transfer charge and
short-circuit current also show a good linear relationship with
acceleration (Figure 4f and Figure S16, Supporting Information).
Furthermore, Figure 4g shows the comparison of linear fit be-
tween the output voltage and acceleration measured on a planar
and a curved surface, indicating that the proposed HE-TENG
has the same good linearity measured on a curved tube as that
measured on a planar table, except that the strength of the output
signal is slightly reduced (Figure S17, Supporting Information).
Then the variation law of output voltage with frequency under
the bending environment is carried out. As can be seen from
Figure 4h, when the vibration amplitude is 0.5 mm, the output
voltage increases with the increase of frequency, and a better lin-
ear fit is demonstrated (Figure 4i). At different frequencies, the
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Figure 3. Effect of sensor shape and vibration frequency on the output performance of HF-TENG. a) Schematic diagram of the experiment device and
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Figure 4. The output performance of HF-TENG on a curved surface. a) Schematic diagram of a curved shaker. b) Open-circuit voltage and c) transferred
charge of HF-TENG at the frequency of 30 Hz with different accelerations on a curved shaking table. The d) open-circuit voltage and f) transferred
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and vibration frequency on a curved vibration table when the vibration amplitude is 0.5 mm. j) Comparison of transferred charges at different vibration
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Figure 5. Application of HF-TENG sensor in machinery vibration monitoring. a) Schematic diagram of test platform for HF-TENG. b) A schematic
diagram of the flexible triboelectric sensor-based vibration signal management circuit composed of data acquisition, signal processing, wireless trans-
mission, and signal display. c) Comparison of output voltage signals using and not using the proposed circuits. d) A visualization platform for real-time
vibration monitoring using mobile phone APP. Outputs voltage signals of HF-TENG during operation of €) blower and g) pipeline. Fourier Transform of

voltage signal during operation of f) blower and h) pipeline.
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amount of transferred charge measured on the curved tube is al-
most the same as that measured on the planar surface (Figure 4j).
The signals of output current are shown in Figure S18, Support-
ing Information. And when the frequency is 30 Hz, the output
voltage generated by the experiments on the curved tube is almost
equal to the result on the planar surface under the same condi-
tion (Figure 4k). Finally, Fourier transform is performed on both
the output voltage measured on the planar and the curved sur-
face as mentioned in Figure 4k, and the spectrum diagram of the
two scenarios is obtained (Figure 4l). The transferred charge and
Fourier transform of the output voltage of HF-TENG at the fre-
quency of 10-100 Hz are shown in Figures S19 and S20, Support-
ing Information. It can be clearly seen that the spectrum diagram
of the electrical signal obtained by the proposed flexible sensor
is completely consistent with the vibration frequency of the
exciter.

To demonstrate the practical application effect, a vibration
monitoring platform is built, as shown in Figure 5a. Both planar
and curved surface vibration can be tested on this platform, and
the data can be sent to the cloud server in real time. In addition,
a demonstration of the HF-TENG on both planar and curved
surfaces can be seen in Movies S1 and S2, Supporting Informa-
tion. To improve user-friendliness, we built a platform that can
process and display the measured vibration signals in real time,
consisting of a flexible sensor, signal processing circuit, Wi-Fi
module, and the Arduino Cloud mobile phone APP. Figure 5b
shows in detail the complete process flow chart of the vibration
signal from acquisition to display on the screen of the mobile
phone, including software and hardware. As can be seen from
Figure 5c, the output signal will be smoother after adopting
the designed circuit, and the output clutter of the signal will be
reduced. Figure 5d is the visual interface of the designed mobile
phone APP, which can display information such as vibration
acceleration and frequency in real time. Finally, the practical ap-
plication scenarios of planar and curved surfaces are tested. First,
on the planar surface, we placed the flexible sensor on the blower
(Movie S3, Supporting Information), and obtained the signal
curve of the blower start-run—stop condition (Figure 5e). At the
same time, Fourier transform spectrum analysis was performed
for the signals at different stages of start-run-stop condition
(Figure 5f and Figure S21, Supporting Information). The flexible
vibration sensor not only detects the main frequency signal of
50 Hz, but also effectively detects the harmonic signal of 100 Hz
and 150 Hz, which is usually used as one of the indicators to
detect some mechanical failure of the machinery. Then, on the
curved surface, we placed the flexible sensor on the exhaust pipe
of the blower (Movie S4, Supporting Information), and obtained
the vibration signal from the exhaust pipe during the start-run—
stop of the blower (Figure 5g). Meanwhile, Fourier transform
spectrum analysis was performed for the signals at different
stages of start-run—stop condition of the blower (Figure 5h and
Figure S22, Supporting Information). The voltage signal diagram
and spectrum diagram are obviously different from the results
measured on the planar surface of the air compressor. The
vibration signals detected on the curved surface are all harmonic
signals because they are far away from the vibration source. Fi-
nally, we also tested the vibration of the car engine and showed a
good measurement effect (Figure S23 and Movie S5, Supporting
Information).
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3. Conclusions

In summary, we proposed a highly flexible self-powered tribo-
electric vibration sensor for machinery condition monitoring, es-
pecially when the measuring point is a curved surface. The HE-
TENG consists of a conductive sponge-silicone layer and an FEP
film attached to a flexible conductive fabric as the electrode. The
HEF-TENG can detect vibration acceleration in the range of 5 to
50 m s~2 and vibration frequency in the range of 10 to 100 Hz.
When the shape of HF-TENG is square, the silicone massis 2 g,
and the air gap is 1 mm, the intensity of the output signal is the
largest. At an acceleration of 30 m s72, the open-circuit voltage
and transfer charge, respectively, reach up to 7 V and 2.5 nC,
and the linear fit with the acceleration is the best, among them,
the plane is 0.954 and the surface is 0.989, indicating high stabil-
ity under even under curved surfaces. Meanwhile, the HE-TENG
has strong robustness and stability, and the output performance
barely changes after the durability test of 168 000 working cycles.
Further, the output signal is processed by the designed circuit and
transmitted to the Arduino Cloud mobile phone APP through
the Wi-Fi module to display the vibration parameters, which is
successfully applied to the working condition monitoring of the
blower and the vehicle engine. Above all, the developed highly
flexible triboelectric vibration sensor is a solid step toward WSNs
in the era of IoT.

4. Experimental Section

Fabrication of the HF-TENG: The HF-TENG consists of a conduc-
tive sponge-silicone layer and an FEP film. The sponge-silicone layer was
formed by pouring silicone into a square conductive sponge with a side
length of 400 mm and a thickness of 0.5 mm, where the silicone acts as
the tribo-material and the conductive sponge acts as the electrode. The
conductive sponge-silicone layer has good flexibility and ductility. The FEP
film was a square shape with a side length of 400 mm and a thickness
of 0.05 mm. A layer of flexible conductive fabric of 0.1 mm was attached
to the lower surface as another electrode. To keep a certain distance be-
tween the conductive sponge-silicone layer and the FEP film, a 2 mm wide
rectangular silicone frame with thicknesses of 1, 2, and 3 mm was added
between them and then a 2 mm wide hole was cut in each corner of the
rectangular frame for discharging air. At the same time, the conductive
sponge-silicone layer was bonded to the above cylindrical silicone mass
block, with the mass of 1,2, and 3 g.

Electrical Measurement: The HF-TENG was mounted on an electrody-
namic shaker (JZK-20) and was driven by amplified sine waves from a func-
tion generator (YE1311) and then an amplifier (YE5852). The acceleration
was measured by a commercial accelerometer (KS96.100) and displayed
in DASP software (Inelta, Chengdu, China). The electric output signals, in-
cluding open-circuit voltage, short-circuit current, and transferred charge,
were measured by an electrometer (Keithley 6514). For the vibration accel-
eration sensing test platform in Figure 5, the output signal of HF-TENG
was transmitted to the designed circuit, the acquired signal was amplified
by signal amplifier (AD620), and interference signal and ambient noise
were eliminated by low-pass filter (UAF42). A microcontroller (Arduino
MKR WiFi 1010) unit was used to convert the filtered analog signal into
digital signal, and then convert it into real-time mechanical vibration ac-
celeration after processing and analysis. Finally, rely on the Wi-Fi module
of Arduino MKR WiFi 1010 to transmit the acceleration value to terminal
applications such as mobile phones or computers.

Supporting Information

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