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Abstract: Vibration sensing is of great significance in offshore engineering monitoring and safety
detection. This paper presented a low-frequency vibration sensor (LV-TENG) based on a cantilever-
beam-structured triboelectric nanogenerator, which can perform high-precision vibration sensing
while conducting vibration energy collection effectively. The LV-TENG was composed of two
aluminum electrode layers, a spring steel sheet covered with polytetrafluoroethylene (PTFE) and a
first-order vibration mode structured frame. Under the excitation of external vibration, the spring
steel sheet undergoes first-order modal vibrations between the aluminum electrodes and generates a
periodically fluctuating electrical signal in the external circuit. The vibration profile of the cantilever
beam was first analyzed theoretically to provide guidance for structural design. On this basis, the
influence of the main structural parameters, including the structure of the Al electrode, the thickness
of the steel plate, and the electronegative materials, on the output performance of LV-TENG was
experimentally investigated and the structure was optimized to enhance electrical output. The results
showed that the LV-TENG can accurately sense structure vibration with a frequency of 0.1 Hz to 5.0 Hz
and an amplitude of 2.0 mm to 10.0 mm. The measured output voltage followed a positive linear
relationship with frequency and the fitted correlation coefficient reached 0.994. The demonstration
experiment indicated that the LV-TENG is expected to provide a new avenue for low-frequency
vibration monitoring and can be used for structural health monitoring analysis in marine engineering.

Keywords: triboelectric nanogenerator; cantilever beam; low frequency vibration sensing;

offshore platform

1. Introduction

Vibration is a prevalent physical phenomenon in marine engineering, such as offshore
platforms [1], ship piping systems [2], large ship machinery [3], and bridge structures [4].
In particular, there is a large quantity of mechanical equipment and piping systems on
offshore platforms [5], whose vibration may induce local low-frequency resonance on
the platform, and even cause fatigue damage to the platform structure. Vibration is
generally considered to be negative and unavoidable. However, it is important to note that
vibration is the basis for information transmission. Vibration itself contains a great deal of
information about the operational safety of machinery and the health of structures, and
the analysis and processing of relevant vibration information can help to identify safety
hazards in time and avoid uncertain disasters [6-8]. Therefore, in order to ensure the safety
of offshore structures, it is vital to carry out low-frequency vibration information collection
and analysis.

With the development of the Internet, the Internet of Things (IoT) technology is grad-
ually being widely used in the industrial sector. The rapid development of IoT relies on
smart sensor technology, and the self-sustained technology based on energy capture is one
of the main development directions for sensors [9-11]. In the field of vibration monitor-
ing, self-powered vibration sensing through vibration energy harvesting has gradually
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become a research hotspot. In 2012, ZhongLin Wang [12-16] proposed triboelectric nano-
generator (TENG) technology, which provides a fresh new idea for self-powered sensing.
The triboelectric nanogenerator is a new microenergy harvesting technology based on
the combination of charged effect and electrostatic induction effect between triboelectric
materials [17-19]. It has the advantages of high efficiency, low cost, easy fabrication, small
and compact structure, and is considered to have broad development and application
prospects [20-22].

As mentioned above, vibration monitoring is an important part of the structural health
monitoring (SHM) of marine engineering. The three main types of classical vibration
monitoring sensors are mechanical, optical, and electrical. However, the high cost of power
supply, short lifetime, and marine environmental pollution are still serious challenges at
present [23,24]. As a new energy conversion technology, TENG has a natural advantage
for obtaining mechanical energy and provides a viable solution for power supply and
vibration monitoring. Currently, some TENG-related technologies have been proposed
for vibration energy harvesting and vibration sensing [23,24]. Wang et al. [25] designed a
triboelectric nanogenerator (CF-TENG) based on a harmonic resonator for self-powered
vibration sensing. The sensor consisted of Polylactic acid(PLA), spring, aluminum, and
copper electrodes. The CF-TENG had a resonant frequency of 15 Hz and could monitor
a displacement amplitude of 15 mm at the vibration frequency of 21 Hz. Salauddin.MD
et al. [26] proposed an EMG-TENG hybrid resonant nanogenerator (LFR-HN). The best
output of this sensor occurred at a vibration frequency of 31.8 Hz. Seol et al. [27] designed an
all-printed triboelectric nanogenerator vibration sensor. The optimum vibration frequency
measurement range was 30-60 Hz. These vibration-sensing technologies are characterized
by the spring-assistant structures and are often referred to as resonant vibration sensors.
This type of sensor usually has a relatively high power density near the resonance frequency,
but the working bandwidth is generally small. Beyond the resonance frequency range,
the output of the sensor drops significantly and the accurate sensing of vibration becomes
impossible. Therefore, Du et al. [28] fabricated a bouncing-ball-type TENG vibration
sensor (BB-TENG). The sensor successfully achieved vibration energy harvesting from
10 Hz to 50 Hz using friction and electron transfer phenomena between PTFE balls and
Cu membranes. Zhang et al. [29] designed a spherical three-dimensional triboelectric
nanogenerator vibration sensor. It was composed of a Polyfluoroalkoxy sphere, aluminum
electrodes, and a transparent housing. The sensor has a trigger frequency of 10 Hz and
a maximum output of 57 V. Wang et al. [30] invented a TENG vibration sensor, which
consisted of PU balls, PTFE, and copper. The sensor has a measuring range of 20-50 Hz,
and can simultaneously monitor forward, reverse, left, right, and braking actions. Xiao
et al. [31] proposed a honeycomb-structured triboelectric nanogenerator (HSI-TENG) for
vibration energy harvesting and vibration monitoring. The HSI-TENG consisted of a
copper membrane, a sponge base, PLA and PTFE balls, and was mainly used for vibration
information monitoring from 10 Hz to 60 Hz. This type of sensor does not have the
spring structure and is considered to be a nonresonant vibration sensor. The SHM in
marine engineering generally requires the vibration sensors to work under low-frequency
vibration conditions. The nonresonant vibration sensors have relatively a large operating
bandwidth, but the trigger frequency is usually high, which does not meet the requirements
of SHM.

From the above literature review, it can be seen that the TENG-based vibration sensing
technology has provided a new way for self-powered vibration detection. However, due
to the extremely low energy density, the research on low-frequency vibration sensing
has encountered great difficulties and the published achievement is quite rare. Since
vibration with frequency lower than 5 Hz is common on marine structures such as offshore
platforms, it is urgent to study a robust high-precision vibration monitoring and sensing
technology under low-frequency vibrations. In this paper, a low-frequency vibration
sensor named LV-TENG was proposed based on a cantilever-beam-structured triboelectric
nanogenerator. The sensor structure was optimized by structure parameter sensitivity
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analysis and experiments to enhance output performance. It was designed to conduct
vibration sensing from 0.1 Hz to 5.0 Hz with high precision while realizing vibration energy
capture. The LV-TENG has presented a fresh new approach to low-frequency vibration
monitoring and has broad application prospects in the SHM of marine engineering.

2. Materials and Methods

The application scenario and working principle of the LV-TENG are shown in Figure 1.
As depicted in Figure 1a, the LV-TENG can be used to monitor vibration information in a
variety of scenarios, including offshore platforms, cross-sea bridges, etc. The LV-TENG uses
PolyLactic Acid (PLA) as the basic frame, and a stainless-steel sheet is fixed in the middle
to form the cantilever beam structure (Figure 1b). The length and width of the cantilever
beam are set to 100 mm and 50 mm, respectively. The surfaces of the spring steel sheet are
covered with Polytetrafluoro-Ethylene (PTFE) membranes to act as the dielectric layers.
Once excited by external vibration, the spring steel sheet undergoes first-order vibration.
The inner side of the PLA frame is designed according to the vibration mode profile of the
cantilever beam so as to ensure full utilization of the deformation of the cantilever beam
and increase the effective contact area. Aluminum (Al) films are attached to the upper
and lower sides of the frame as the electrode layers. Surface micro/nano structure is one
of the major methods to enhance the output performance of triboelectric nanogenerator.
As indicated by M. Salauddin [32], the specific surface areas within the effective range of
charge transfer can be very large when the nanostructures are in the compressive state,
thus increasing the total amount of charge transfer. Therefore, the PTFE film was sanded
with a 10,000-mesh sandpaper to improve the electrical output of the LV-TENG. Figure 1c
exhibits the images of the original and sanded PTFE surfaces. It can be seen that the surface
treatment results in a much rougher surface that can produce a larger contact area when in
contact with the Al electrode.

nMﬂHWM“

- T
YT

Figure 1. Application scenarios and working principle of LV-TENG. (a)Application scenarios of
the LV-TENG; (b) Schematic diagram of the LV-TENG; (c) SEM images of the original and sanded
PTFE surfaces; (d) Operating principle of the LV-TENG; (e) Simulations of the electric potential
distributions of the LV-TENG.
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The working principle of the LV-TENG is demonstrated in Figure 1d. When subjected
to an external excitation, the spring steel sheet with PTFE attached starts to vibrate with the
equations of the Galileo-Kirchoff-Lagrange bended beam. A mechanical model approach
is proposed in Part 3 to design the specific structure of the Al electrodes and make the
vibration process robust. As the spring steel sheet comes into contact with the upper Al
electrode, the contact surfaces between the PTFE and Al electrodes generate equal amounts
of opposite charges due to the different electronegativity of the materials (Figure 1d(I)). As
the spring steel vibrates downward, an electrical potential is established and the electrons
are driven from the bottom Al electrode to the top Al electrode through the external circuit.
Once the vibrating beam returns to its initial position, the positive charges on the top Al
electrode are neutralized and an electrostatic balance is reached temporarily (Figure 1d(II)).
When the beam continues to go downward, the inductive electrons flow in the reverse
direction until the PTFE attached on the steel sheet reaches out to the bottom Al electrode
and the potential difference between the two Al electrodes reaches its maximum again
(Figure 1d(III)). As the steel sheet moves upward, an opposing electric field is induced
(Figure 1d(IV)). Thus, a complete sinusoidal electrical output is formed and the vibration of
the steel sheet is converted into electrical information. In addition, a finite element analysis
was carried out using COMSOL software (COMSOL Co., Ltd., Beijing, China) to illustrate
the operation of the LV-TENG. Figure le shows the simulated potential distribution of the
PTFE membrane and the Al electrode at different locations. It can be seen that the electric
potential increases as the separation distance between the PTFE film and the Al electrode
decreases, which is consistent with the previous analysis.

3. Results and Discussions
3.1. Structural Optimization of LV-TENG

A test system was built to measure the output performance of the LV-TENG. As
shown in Figure 2a, the LV-TENG was mounted on an electrodynamic shaker ((JZK-20,
SINOCERA, Suzhou, China) that was used as an external excitation source. The shaker was
driven by an external amplifier (YE5872A, SINOCERA, Suzhou, China), which accepted
vibration signals from the function generator (YE1311, SINOCERA, Suzhou, China), and
can generate various forms of vibration with different frequencies and amplitudes. The
vibration energy and information were then converted into electrical signals through the
LV-TENG. A Keithley 6514 electrometer is used to measure the output performance of
the LV-TENG.

The LV-TENG works based on the principle of electrostatic induction and triboelectri-
fication, so the selection of electronegative material is crucial to the output performance of
the device. Three electronegative materials, i.e., FEP, PTFE, and Ecoflex, were tested under
a vibration frequency of 0.5 Hz and a vibration amplitude of 6.0 mm, and the results are
displayed in Figure 2b. It can be seen that the use of the PTFE electrode exhibits superior
output performance compared to the other two materials. More specifically, when the
PTFE was adopted as the electrode material, the output voltage of the LV-TENG was 64%
and 497% higher than that of the FEP and Ecoflex electrodes, respectively. This is because
the PTFE has a stronger electronegativity and a higher ability to attract electrons than the
FEP and Ecoflex according to the Triboelectric Nanoelectricity Materials Gain and Loss of
Electrons table [33], which effectively improves the electrical output performance of the
TENG. Therefore, the PTFE is used as the flexible electrode.

The vibrations with low frequency and low amplitude are difficult to measure due to
the small energy density. Therefore, it is critical to obtain the first-order vibration profile
of the cantilever beam so as to make sure that the structures of the Al electrodes and the
dielectric material are effectively matched. A mechanical analysis was carried out to design
the specific structure of the LV-TENG. As shown in Figure 2¢(i), the stainless-steel sheet
was simplified to an equal-section cantilever beam. Assuming that any point x on the beam
vibrates periodically in the y direction, the vibration profile at this point is shaped as:
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Figure 2. Structure optimization of the LV-TENG. (a) Test system; (b) Effect of electronegative
materials on the electrical output of the LV-TENG; (c) Model simplification and force analysis of
cantilever beam; (d) Dynamic vibration profile of the cantilever beam and the schematic diagram of
the Al electrodes; (e) Effect of electrode structure on the output of the LV-TENG; (f) Effect of cantilever
beam thickness on the output of the LV-TENG.

y(xt) =

where y(x,t) is the displacement curve function of the cantilever beam, Y(x) is the dis-
placement of the cantilever beam at x, w is the vibration frequency, and t represents time.
The motion of the cantilever beam is determined by the external load. Figure 2c(ii) shows
the force analysis of the beam microelement. Assuming that the mass of the microelement
is m, the inertial force acting on the element is —m(9?y/9t?)dx. The elastic recovery force
has the expression as in [34]:

Y (x)coswt 1)

82

Q, . &
axdx—qd—axz<
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where Fr Y dx is the elastic restoring force acting on dx, and g is the distributed load. Since
any microelement dx of the cantilever beam is subject to periodic vibration, i.e., the elastic
recovery force and the inertial force are balanced, the motion equation of the cantilever
beam can be expressed as [34]:
4

Y 7Y ®
ox* ot?

Combining the above motion equation with the Euler-Bernoulli equation, the
D’Alembert principle, and the equations for the bending moment and shear force, the
vibration profile is obtained as [34]:

El—%

y(x) = ch% —cos% —l—(Si(sh%x—sin%x) 4)
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In which,
5= _ choi+ cosg; 5)
sho; + sing;
EI
Wi = /31'2 m (6)

where w; is the cantilever beam inherent frequency, [ is the length of the cantilever beam,
Bi is the correlation coefficient, E is the modulus of elasticity, and I is the moment of inertia
of the section.

In fact, the vibration profile of the cantilever beam was determined by its width, length,
and thickness. The aspect ratio of the spring steel sheet was fixed for simplification, in
which the length and width of the beam were set to 100 mm and 50 mm, respectively.
Figure 2d shows the dynamic vibration pattern of the cantilever beam obtained by the
above equations and a schematic diagram of the Al electrode structure thus designed. To
confirm the above analysis, two electrode structures with different curve profiles were also
designed, which were the parallel plate type and the large curvature type. The specific
structures of the three Al electrodes are exhibited in Figure S1 of the supplementary. The
output performances of the LV-TENG with different structured Al electrodes are shown in
Figure 2e. Since the contact area between the Al electrode and the PTFE are maximized
when they are well matched, the adoption of the Al electrode with the first-order vibration
curve structure can effectively enhance the electrical output of the LV-TENG. This is
coherent with the above analysis.

Moreover, as it can be seen from the expressions of the vibration profile and the natural
frequency of the spring steel, the thickness of the cantilever beam is closely related to its
vibration mode. Figure 2f shows the effect of spring steel thickness on the electrical output
of the LV-TENG, in which the thickness of the cantilever beam is set to 0.04 mm, 0.06 mm,
0.08 mm, 0.10 mm, and 0.12 mm, respectively, and the external excitation has a frequency
of 3.0 Hz and an amplitude of 4.0 mm. As the thickness of the spring steel increases, the
output voltage of the LV-TENG shows a trend of first increasing and then decreasing. The
electrical output reaches its maximum of 2.10 V at the thickness of 0.08 mm. The reason
for this phenomenon is that, in the thickness range from 0.04 mm to 0.08 mm, the intrinsic
frequency of the cantilever beam oscillator gradually increases to the external excitation
frequency. The deformation of the spring steel and the contact area between the PTFE and
Al electrodes is enlarged, resulting in the raise in electrical output. With the further increase
of the cantilever beam thickness, the stiffness of the vibrator increases significantly and the
bending deformation of the spring steel decreases. As a result, the output voltage of the
LV-TENG starts to drop. Therefore, there is an optimal spring steel thickness of 0.08 mm
for the current LV-TENG to achieve the best electrical output.

3.2. Output Performance of LV-TENG

For the vibration beam with a fixed structure, the vibration characteristics are mainly
determined by external excitation. The LV-TENG was designed to capture vibration energy
and vibration information under low-frequency vibrations. Therefore, a comprehensive
sensitivity analysis of the vibration parameters on the output performance of the LV-TENG
was performed under vibration frequencies from 0.1 Hz to 5.0 Hz in this part. The specific
structural parameters suggested in the structural optimization were adopted in order to
obtain the best electrical output.

Figure 3a,b display the output open-circuit voltage and short-circuit current of the
LV-TENG under vibration frequencies from 0.1 Hz to 5.0 Hz. The vibration amplitude
is fixed at 6.0 mm. Stable electrical output is obtained under the vibration conditions of
concern and the pulse frequency of the electrical signal is positively correlated with the
vibration frequency, indicating that the LV-TENG is capable of conducting low-frequency
vibration monitoring. As the vibration frequency increased from 0.1 Hz to 5.0 Hz, the
output voltage and current increased from 14.77 pA to 93.11 pA and from 0.47 V to
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2.37V, respectively. To better elucidate the responsiveness of the LV-TENG to low-frequency
vibrations, the device was particularly tested under vibration frequency from 0.1 Hz to
0.9 Hz at 0.1 Hz intervals. The output peak voltage and current are shown in Figure 3c,d,
where the vibration amplitude varied from 2.0 mm to 10.0 mm. It can be seen that with the
increase in vibration parameters, the peak voltage and peak current increase continuously.
Specifically, the peak voltage and current are 0.33 V and 8.48 pA at a vibration frequency
of 0.1 Hz and a vibration amplitude of 2.0 Hz. As the vibration parameters increase to
0.9 Hz and 10.0 mm, the output peaks hike to 1.73 V and 57.41 pA. On the one hand, with
the increase in vibration frequency, the contact-separation between the PTFE membrane
and the Al electrode per unit of time increases, resulting in an increase in the total amount of
transferred electrons, and the potential difference between the upper and lower aluminum
electrodes enlarges. On the other hand, the increase in vibration amplitude amplifies the
contact pressure and expands the contact area between the PTFE membrane and the Al
electrode, which also causes the increase in transferred electrons and short-circuit current.
Similar changes can be observed as the vibration frequency raised from 1.0 Hz to 5.0 Hz.
The overall output performance of the LV-TENG is demonstrated in Figure 3e,f. The results
indicate that the cantilever beam and the LV-TENG work robustly under the first-order
vibration mode, which is coherent with the previous design and specification. Under the
maximum vibration condition of f = 5.0 Hz and A = 10.0 mm, the peak open-circuit voltage
and short-circuit current reach 8.35 V and 189.72 pA, respectively. Furthermore, the output
power of the LV-TENG under the vibration frequency of 5 Hz and vibration amplitude
of 10 mm was calculated, and the corresponding profile was exhibited in Figure 54 of
the supplementary. With the increase in external load resistance, the output power first
increases and then decreases, and the peak output power of 18.48 uW is obtained at the
external resistance of 5.75 M(Q).
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Figure 3. Output performance of the LV-TENG. (a) Open-circuit voltage and (b) short-circuit current
at vibration amplitude of 6.0 mm and vibration frequencies from 0.1 Hz to 5.0 Hz; (c) Open-circuit
voltage and (d) short-circuit current at vibration frequencies from 0.1 Hz to 0.9 Hz and vibration
amplitudes from 2.0 mm to 10.0 mm; (e) Overall output open-circuit voltage and (f) short-circuit
current of the LV-TENG.
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3.3. Low-Frequency Vibration Sensing

According to the operation principle, the LV-TENG can be used as a low-frequency
vibration sensor while conducting vibration energy collection. Figure 4a shows the output
voltage of the LV-TENG under the external excitation of f = 2.0 Hz and A = 6.0 mm. A fast
Fourier Transform (FFT) was performed on the output signal to convert it into vibration
frequency information, and the result is presented in Figure 4b. It can be seen that the
output vibration signal can reveal the frequency of the detected vibration with an error
less than 1%. To confirm the ability of vibration frequency sensing in the LV-TENG, all
the measured vibration signals under various vibration conditions were subjected to Fast
Fourier Transform as shown in Figure 4c, which indicated that the vibration frequency
error detected by the LV-TENG did not exceed 2%.
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Figure 4. Performance of the LV-TENG as a low frequency vibration sensor. (a) Output voltage of
the LV-TENG at f = 2.0 Hz and A = 6.0 mm; (b) FFT analysis on output signal at f = 2.0 Hz and
A = 6.0 mm; (c) FFT analysis for frequency detection; (d) Linear fitting between vibration frequency
and peak output voltage; (e) Linear fitting between vibration acceleration and peak output voltage;
(f) Demonstration of the LV-TENG for low-frequency vibration monitoring.

In addition, the electrical output of the LV-TENG is positively related to the vibration
parameters. Figure 4d,e show the variation of peak output voltage with the vibration
in frequency and vibration acceleration under certain condition. Strong positive linear
relationships are found between the output voltage with both the vibration frequency
and acceleration, and the correlation coefficients after linear fitting are 0.994 and 0.998,
respectively. Figures 52 and S3 in the supplementary indicate that the peak output current
also has strong linear correlations with the vibration frequency and vibration acceleration,
and the fitted linear coefficients are 0.986 and 0.995, respectively. Furthermore, it can be
seen from the figure that the maximum measurement error under the studied vibration
conditions is no more than 3%, which indicates that the LV-TENG as a vibration sensor
is sensitive to low-frequency vibrations and has very high accuracy. The superior low-
frequency vibration response characteristics of the LV-TENG indicate that its output can be
used for the SHM analysis of marine engineering and even can be combined with structural
seismology to trace the disturbance that caused the vibration.
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Figure 4f demonstrates the application of the LV-TENG in low-frequency vibration
sensing. The movement of humans can cause vibrations in the structure. A local enlarge-
ment showing the output information of the LV-TENG is displayed in Figure S5 of the
supplementary. As can be seen from the figure and the demonstration Video S1 in the
supplementary materials, the LV-TENG can detect low-frequency vibrations of the structure
in real time.

4. Conclusions

Low-frequency vibration monitoring is an important part of SHM in the field of marine
engineering. In this work, a low-frequency vibration sensor LV-TENG based on a cantilever-
beam-structured triboelectric nanogenerator was proposed. It was designed to perform low-
frequency vibration monitoring with high precision while realizing micro-energy capture.
The LV-TENG was composed of a PLA frame with vibration-curve-structured design,
two aluminum electrode layers, and a spring steel sheet covered with PTFE membranes.
The main structure parameters, including the physical shape of the Al electrodes, the
thickness of the cantilever beam, and the material of the dielectric layer, were optimized
to enhance the electrical output of the LV-TENG. Results showed that the as-proposed
LV-TENG can effectively harvest vibration energy and conduct vibration sensing within
vibration frequency from 0.1 Hz to 5.0 Hz and amplitude from 2.0 mm to 10.0 mm. FFT
analysis indicated that the LV-TENG can detect vibration frequency with an error less than
2%. In addition, the peak output voltage and current of the LV-TENG followed positive
linear relationships with vibration parameters, and the fitted correlation coefficients were
greater than 0.984. The demonstration experiment showed that the LV-TENG has provided
a new idea for low-frequency vibration monitoring. The superior vibration response
characteristics indicate that the output of the LV-TENG can be used for SHM analysis in
marine engineering and even trace the disturbance that caused the vibration based on
signal postanalysis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /jmse11040838/s1, Figure S1: The specific structures of the three
LV-TENGs with different Al electrodes; Figure S2: Linear fitting between vibration frequency and
peak output current; Figure S3: Linear fitting between vibration acceleration and peak output current;
Figure S4: Dependence of the output current and output power on the external load resistance;
Figure S5: A local enlargement showing the output signal of the LV-TENG. Video S1: Demonstration
of the LV-TENG for low frequency vibration monitoring induced by human movement.
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