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1. Introduction

An integrated self-powered dynamic displacement monitoring system by
utilizing a novel triboelectric accelerometer for structural health monitoring With the rapid development of urban con-

is proposed and implemented in this study, which can show the dynamic
displacement and transmit the alarming signal by accurately sensing the
vibration acceleration. The fabricated triboelectric accelerometer based on

struction, more and more infrastructures
are being deployed to bring convenience to
people’s daily life. Consequently, the infra-
structure health is of great importance and

the noncontact freestanding triboelectric nanogenerator consists of an outer needs to be monitored all the time. In most

transparent sleeve tube and an inner cylindrical inertial mass that is sus-

cases, the vibration displacement can be

pended by a highly stretchable silicone fiber. One pair of copper film elec- used to indicate the infrastructure health

trodes is deposited by physical vapor deposition on nylon film and adhered

status. Traditionally, the displacement meas-
urement is accomplished by using a direct

on the inner wall of the outer tube, while a fluorinated ethylene propylene film
with nanowire structures is adhered on the surface of the inner cylindrical
inertial mass. The experimental results show that proposed triboelectric
accelerometer can accurately sense the vibration acceleration with a high sen-
sitivity of 0.391 V s2 m™". In particular, the developed accelerometer has supe-
rior performance within the low-frequency range. One of the most striking
features is that the commercial accelerometer using piezoelectric material is
strongly dominated by high-order harmonics, which can cause confusion in
computer data analysis. In contrast, the triboelectric accelerometer is only

method via the specific equipment, for
example, a linear variable differential trans-
ducer (LVDT) or a portable laser Doppler
vibrometer (LDV). Unfortunately, despite
the high accuracy, these direct methods
are usually not cost-effective, more time-
consuming for field assembly, and some-
times require additional instrument. For
example, an indispensable additional refer-
ence for LDV is not easy to obtain on the

dominated by the base resonance mode.
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test site.!l Conversely, the indirect method
estimates the displacement via the meas-
ured acceleration, which can achieve mod-
erate accuracy in a more cost-effective way.
The error in the indirect method mainly comes from the sensor
drift and unknown initial conditions, and needs to be removed by
additional signal processing.”l Thanks to the commercialization
of the piezoelectric accelerometers, indirect methods have been
widely adopted due to easy installation and low cost. However,
the complex signal-conditioning electronics, which converts the
high-impedance charge signal generated by the sensing element
into a usable low-impedance voltage signal, is necessary for pie-
zoelectric accelerometer sensors. Additionally, the output voltage
signals of piezoelectric accelerometers are relatively small and
vulnerable with the environmental and cable-generated noises,
which could lead to erroneous output signals when used in low-
frequency environments, and thus a special low-noise cable has
to be used for accurate measurements and the system cost will
increase significantly.’! In this study, a self-powered sensing and
monitoring system based on a novel, low cost, easily manufac-
tured triboelectric accelerometer is proposed as an attractive
alternative to the traditional displacement measuring system.
The triboelectric nanogenerator (TENG) first invented by
Wang and co-workers in 20121 is able to produce electrical
output based on triboelectrification and electrostatic induction in
response to an external mechanical stimulation.! Its fundamental

1700565 (1 of 8) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

physics and output characteristics can be attributed to the Max-
well's displacement current®l Specifically, the electric output
signals of the TENG directly reflect the impact of the mechan-
ical triggering, so that TENG can be used as an active sensor in
responding to external excitation.”! The output voltage is a direct
measurement of the gap distance, while the output current repre-
sents the impact speed. TENG as self-powered active sensor is dif-
ferent from conventional sensors since it can generate an output
electric signal itself without an external power supply.l®) TENG-
based sensors have been demonstrated for sensing of motion,
pressure, velocity, instantaneous force, and human triggering. 201

In this study, based on the noncontact freestanding TENG,
a novel self-powered accelerometer sensor with the sleeve-tube
structure for vibration detection is proposed and fabricated.
Moreover, to avoid the infrastructure damage caused by large
vibrational displacements, a real-time monitoring system based
on the proposed triboelectric accelerometer is developed. It can
be used to measure the maximum vibration displacement and
regular dynamic responses caused by external random loads such
as driving vehicle or strong wind. In particular, the developed tri-
boelectric accelerometer has superior performance within the
low-frequency range compared with the commercial piezoelectric
accelerometer. One of the most striking features is that the com-
mercial accelerometer using piezoelectric material is strongly
dominated by high-order harmonics, which can cause confusion
in computer data analysis. In contrast, the triboelectric acceler-
ometer is only dominated by the base resonance mode. Moreover,
the proposed self-powered displacement sensing system provides
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continuous monitoring with a considerably lower cost, longer
lifetime and free maintenance, and all kinds of dynamic response
parameters including vibration acceleration, dynamic displace-
ment, and maximum vibration amplitude can be determined and
analyzed. The dynamic displacement monitoring system proto-
type may provide experienced reference on solving problems in
the practical application of structural health monitoring.

2. Results and Discussion

With respect to a high-performance TENG applied as an accel-
erometer, it is crucial to fabricate an effective structure for
accurate detection of the parameters generated from bridge
vibration. Generally, there is always energy loss in a contact
mode TENG due to the inevitable sliding or contact friction
between triboelectric layers, resulting in one of the main
limitations in monitoring the bridge vibration.?!l To address
this issue, a noncontact working structure was designed by
adopting the sleeve-tube as a relative static part while using the
inner cylindrical inertial mass as the moving part, which was
suspended by a highly stretchable silicone fiber. This noncon-
tact freestanding TENG combines the advantages of effective
outputs under low-frequency vibrations triggered by the bridge
and a zero energy loss between the triboelectric layers, allowing
for the precise health monitoring of the bridge.

Figure 1 shows the device structure and theoretical simula-
tions. As illustrated in Figure 1a, this structure consists of an
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Figure 1. Device structure and theoretical simulations. a) Schematic diagram showing the typical device structure of the proposed triboelectric accel-
erometer. b) SEM image of the nanowire structures on the FEP film. ¢) Schematic diagram showing the basic working principle of the triboelectric
accelerometer. d) Simulated potential distributions of the triboelectric accelerometer under different displacement of the inner inertial mass. e) The
relationship curve between open-circuit voltage of the two electrodes and motion displacement of the inner inertial mass. f) Photograph of the real
self-powered triboelectric accelerometer device.
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outer transparent sleeve-tube and an inner cylindrical inertial
mass suspended by a highly stretchable silicone fiber. The outer
tube is made of acrylic and has an inner and outer diameter
of 18 and 25 mm, respectively. In our proposed device, two
pieces of nylon film (56 mm X 35 mm) are coated with copper
(Cu) by physical vapor deposition (PVD) and are pasted on the
inner surface of the acrylic tube as fixed triboelectric electrodes.
The length of the electrode along the longitudinal vibration
direction is 35 mm, and the gap between the two electrodes is
2 mm. The freestanding triboelectric nanogenerator (FTENG)
has been demonstrated to be able to operate in noncontact
sliding mode. The influence of the gap between the static sur-
face and the moving part surface has been studied theoretically
in detail.l?’! Although the triboelectric accelerometer has a good
tolerance of a gap distance between the two layers in electricity
generation, the performance of the accelerometer sensor such
as sensitivity is beginning to decay with the increase of the
gap distance between the static surface and the moving part
surface. So a relative optimum gap of 2 mm was chosen by
regulating the diameters of the outer static sleeve-tube and the
inner moving cylindrical inertial mass. The fluorinated ethylene
propylene (FEP) film as the freestanding triboelectric layer was
adhered on the surface of the cylindrical inertial mass with the
diameter of 15 mm and the weight of 32 g. To increase the sur-
face charge density and further enhance the output performance
of the TENG, a surface area with high roughness was achieved
by fabricating a nanowires array structure on the FEP film
through inductively coupled plasma (ICP) reactive-ion etching.??
Figure 1b illustrates a scanning electron microscope (SEM)
image of the nanowires array on the surface of the FEP film.

As has been proved, when the FEP slides on the surfaces
between the two Cu electrodes without contact, the electricity
will be generated if the FEP film is already charged due to prior
triboelectrification before approaching the electrodes. So the tri-
boelectric charges generated by prior contact can be preserved
on insulator surfaces for hours and even days. So the follow-up
electricity can be generated by sliding the FEP between the two
electrodes even without direct contact, as long as the gap dis-
tance between the static surface and the moving part surface
is much smaller than the vibrational displacement of the inner
FEP film. Thus, the proposed triboelectric accelerometer based
on freestanding TENG should be able to operate in noncontact
sliding mode.?}l Owing to the different triboelectric polarity of
the FEP and Cu, the electrons will transfer from the Cu elec-
trodes to the FEP film, which renders the FEP film with nega-
tive charges and the Cu film electrode with equal amount of
positive charges. But it will not generate potential difference
between them owing to the electrostatic equilibrium.?* For a
better illustration of working mechanism, the working prin-
ciple of the proposed device is shown in Figure 1c. A complete
cycle of electricity generation process can be categorized into
four phases. First, when the FEP is fully overlapped with the
electrode, all the positive charges in the loop will be attracted to
the surface of the upper electrode (Figure 1c(I)). Second, when
the FEP layer moves toward the lower electrode caused by an
external force, the positive charges in the loop will flow from
the upper electrode to the lower electrode via the external circuit
(Figure 1c(II)). Third, when the FEP moves to the overlapping
position of the lower electrode (Figure 1c(III)), all the positive
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charges will be driven to the lower electrode. Finally, upward
movement of the FEP layer on the mass resonator would gen-
erate a reverse current in the load (Figure 1¢(IV)), and then be
back to the initial position. It should be noted here that the
inner cylindrical inertial mass suspended by a highly stretch-
able silicone fiber will move up and down as a result of the
inertia force when subjected to a vertical vibration accelerating
force, which causes the proposed device to produce a voltage
signal proportional to the force.

The potential distribution at different vibrational displace-
ments of the proposed device can be studied and analyzed using
the finite-element analysis software COMSOL. The change of
the induced potential difference between the upper electrode
and lower electrode at the open-circuit condition under dif-
ferent displacements is shown in Figure 1d. When the inner
cylindrical inertial mass is on the top initial position as shown
in Figure 1c(I), the potential difference between the upper elec-
trode and the lower electrode is nearly zero. If the inner cylin-
drical inertial mass starts to move downward from the top initial
position because of external vibration, the potential difference
between the upper electrode and lower electrode will increase
as shown in Figure 1d. When the inner cylindrical inertial mass
moves continuously downward displacement from 1 to 5.5 cm,
this induced potential difference will be further increased with
the increase of moving displacement. At last, the potential dif-
ference will reach the maximum when the inner cylindrical iner-
tial mass moves up to the bottom end. On the contrary, in the
next half cycle, the upward movement of the inner cylindrical
inertial mass will also generate potential difference between the
upper electrode and the lower electrode, which will generate
potential difference with the opposite polarity across the two
electrodes compared with the downward movement. Further-
more, as shown in Figure 1le, a linear relationship between the
open circuit voltage of the two electrodes and the displacement
of the cylindrical inertial mass has been derived by analyzing
the open circuit voltage under a series of different positions of
the cylindrical inertial mass. Thus, it is obvious that the open
circuit voltage of the proposed device has a very good linearity
to the upward and downward motion displacement of the inner
cylindrical inertial mass caused by external vibrational accelera-
tion, which provides a theoretical basis for quantitative sensing
parameters of vibration acceleration.””l Figure 1f displays a
photograph of the manufactured self-powered triboelectric
accelerometer device. When this device has been installed on
external vibrational source, the upward and downward motion
of the inner cylindrical inertial mass can result in the electrical
output of the device as a result of the relative position change
of the tribo charged surfaces between the copper electrode
and FEP film. Therefore, it can directly sense the vibration
dynamics, including the acceleration and frequency.

The proposed self-powered dynamic displacement moni-
toring system based on triboelectric accelerometer can be
simplified as a second-order single degree-of-freedom spring-
mass-damper system with the forced vibration, which consists
of a cylindrical inertial mass m, a spring k, and a mechanical
damping c. x(#) denotes the displacement of a mass, y(i) is the
displacement of the measured object, and z= x— y is the relative
displacement between the outer transparent sleeve-tube and
the inner cylindrical inertial mass. f(t) = Fe 7! is the harmonic
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driven force, where @ is the forcing frequency. The differential
equation of the motion with respect to the self-powered tribo-
electric acceleration sensor system can be modeled as!?®!

ax) | dxl)

dt dt +k’v M

If the structure is experiencing harmonic vibration, then it
can be written as y(f) = Y/ If let z(f) = Ze/®, calculate the
velocity and acceleration, and substitute in the above equation,
then we have

(-m?* + jew +k)Ze'” = me® Ye' ()

. k C .
As is well known, — =@? and — =2{w,, where @, is the
m m

natural angular frequency and { is the damping ratio. Substi-
tuting them into Equation (2) gives

Y (0np-0")+i(20.0)
o’

z(l‘wnJ )

zZ
By denoting A= ﬂ, the magnitude of y cn be written as
o

n

©)

R

Obviously, if the condition meets: 4 — oo, then the result is:
|Z| — |Y|. The displacement of the sensing device approaches
to the displacement of the vibrational object on the condition
that the natural frequency of sensing device is lower enough
than that of the measured object. However, the frequency of the
measured object, such as the bridge, is usually below several
Hz, which requires that the sensing device has a much lower
enough nature frequency with a huge enough seismic mass and
a soft enough spring. In fact, this kind of sensing device with
heavy weight and huge bulk is hard to be fabricated. Therefore,
it is extremely difficult to directly measure the displacement of
infrastructure by using the sensing device with the architecture
of spring-mass-damp system. Whereas, through further anal-
ysis for Equation (4), the vibration measurement method based
on acceleration is another totally different case. Let us replace

2
a)_z with A? and rearrange to obtain
(2
1
12| = o’|Y

w; \/(1 -2 + 2y ©)
In this equation, @’|Y| represents the base structure’s
acceleration, and when the coefficient A4 approaches to zero,

|z |—>L2 Obviously, the displacement of the measured

n

object is proportional to the acceleration as long as the natural
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frequency of accelerometer sensor is far higher than that of the
measured object, which establishes the theoretical basis. The
accelerometer sensor is usually designed to a test instrument
with high natural frequency.

So we proposed a self-powered triboelectric accelerometer
sensor with the novel sleeve-tube structure based on the above
theoretical analysis. The dynamic displacement of the bridge
infrastructure is transformed to the acceleration, and then
the acceleration leads to the motion displacement of the cylin-
drical inertial mass. Moreover, the open circuit voltage of the
device has a very good linearity to the motion displacement of
the inertial mass. In short, the dynamic displacement of the
infrastructure is characterized by the electrical signal of the
proposed device based on some signal process method. As we
know, the natural frequency of the proposed triboelectric accel-
erometer is very crucial as described above. In practice, the nat-
ural frequency of the triboelectric accelerometer is determined
by choosing the following parameters of the device structure
size and material, such as the elastic modulus of silicon rubber
thread E, the cross-sectional area of the silicone rubber thread
A, the diameter of the silicone rubber thread d, and the length
of silicone rubber thread L. The natural frequency of the pro-
posed triboelectric accelerometer is designed to be 434.8Hz.
The quantitative relationship of output voltage, vibration fre-
quency, and acceleration is also determined by Equation (6).
The detail analysis and calculation is provided in Section S1
(Supporting Information), and the relationship curves are
shown in Figure S2 (Supporting Information)

1 1 o5 1 1
g =k ©

V. - a: ——a=
*“7IC, 0" (2n) LC, f* f?

where the parameters are as follows: the output voltage of tri-
boelectric accelerometer Vo, the output charge Q, tribo-charge
surface density o area S, vibration frequency f, constant coef-
ficient k, and acceleration a (m s72).

To investigate the performance of the proposed triboelec-
tric accelerometer, a vibration acceleration testing platform is
designed and implemented. It consists of an electrodynamic
shaker (Sinocera JZK-5, Labworks Inc.), a commercial accelerom-
eter, a sine servo controller (SC-121), a power amplifier (PA-151),
an electrometer, a data acquisition card, our proposed triboelec-
tric accelerometer, and developed dynamic displacement moni-
toring software. Figure 2 shows the experimental software and
hardware system codesign flow. An electrodynamic shaker is
used as an external vibration source with controlled frequency
and acceleration. The vibration signal is generated from the
sine servo controller, amplified via the power amplifier and
finally utilized to control the vibration amplitude and frequency
of the electrodynamic shaker. In this way, the acceleration
and frequency of the resonator’s movement can be accurately
controlled. The proposed triboelectric accelerometer device is
mounted under the bridge model installed on a shaker together
with a calibrated commercial piezoelectric accelerometer for
testing under sinusoidal vibration acceleration. Accordingly, the
proposed triboelectric accelerometer will undergo excitations
and generate electrical output signals. Both the electrical output
of the proposed device and the calibrated commercial piezoe-
lectric are recorded on the computer by using the electrometer

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Experimental software and hardware system codesign. a) Photo of the experimental test system. b) Software algorithm flow chart. c) Dynamic

displacement monitoring software interface.

and a data acquisition card. The photo of experimental test
system is shown in Figure 2a.

The dynamic displacement monitoring system aims to col-
lect dynamic response data of the bridge vibration when it is
subjected to random moving vehicle loads, and to help evaluate
the safety state of the ridge. Moreover, an alarming signal is
autonomously transmitted when the amplitude exceeds the
pre-set safety threshold. In this paper, based on the novel pro-
posed triboelectric accelerometer, a modified double integra-
tion algorithm is proposed to calculate the displacement from
the acquired dynamic acceleration, as shown in Figure 2b. The
double integral relationship between the displacement and
acceleration is given by Equation (7)

v(t)dT + 5(0)
J£a )d T +v(0)t + s(0)

where s(0) and v(0) denote the initial displacement and velocity,
respectively. It can be observed from this equation that the ini-
tial condition(s(0), v(0)) has a huge impact on the final displace-
ment estimate. However, in many real world situations, the
initial condition is unknown and can cause an accumulative
drift error during the double integration. Some advanced algo-
rithm can well compensate the drift error without knowledge
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of the initial condition, but are usually in a recursive way and
might not be utilized for real-time application. In our applica-
tion, we aim to estimate the vibration displacement and the
initial conditions can be assumed to be zero. In this paper, we
modify the filtering-based algorithm to implement the drift
error correction. Here, we use the additional high-pass (over
0.1 Hz) filtering after each integral operation. In this way, the
baseline distortion of the measured acceleration caused by the
external noise and the drift error caused by the integration can
be well compensated. Besides, the classical Simpson's 3/8 rule
is adopted here to realize the numerical integration with higher
accuracy than the standard Simpson'’s rule, which is given as
follows

t

J.a(r)drz(h%

t )|:a(t1)+3a(2t13—+t2)
+3a(%2t2)+ a(tz)]

To make the system adapt to the real-time monitoring, a
point-by-point version of the algorithm is programed and
implemented in LabVIEW 2016. Moreover, if the amplitude
of the displacement is continuously exceeding the predefined
threshold, the system will give alarm signal to call for main-
tenance. A real-time dynamic bridge displacement monitoring
software system is implemented for demonstration in the

t

®)
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laboratory environment, as shown in Figure 2c. The demon-
stration video is provided in the Supporting Information. The
proposed triboelectric accelerometer is suitable for measuring
acceleration along the vertical direction. If it will be applied to
measure acceleration along other two directions, the structure
of the triboelectric accelerometer should be further improved.
In the following experiments, first, we investigated the rela-
tionship between the vibration frequency and the output cur-
rent of the proposed triboelectric accelerometer. As can be seen
from Figure S3 (Supporting Information), the amplitude of
short-circuit current increases almost linearly with the increase
of vibration frequency. So the vibrational frequency can be
measured by the calibration of output short-circuit current for
TENG. Second, in order to research on the relationship between
the output voltage of the proposed triboelectric accelerometer
and vibration acceleration, the electrodynamic shaker was set
at different vibration accelerations at a constant frequency, and
the output voltage curves are shown in Figure 3. The vibra-
tion acceleration of the shaker was set as 13.7, 29.4, 41.2, and
49.0 m s2, respectively, while the vibration frequency is chosen
as 3.0 Hz. Figure 3a—d shows the tested output voltage of the
triboelectric accelerometer at several different accelerations,
respectively. The overall increasing trend of output voltage is
shown in Figure 3e, and all of the output voltage signals are
uniform and stable. As is shown in the curve of Figure 3f, the
amplitude of output voltage is proportional to the vibration
acceleration, which demonstrates an obvious linear relationship
by fitting the data with a correlation coefficient of 0.975 and
a slope of 3.903. Also, the sensitivity of triboelelectric acceler-
ometer could be calculated by the ratio of the numerical value
of output voltage and the numerical value of acceleration. So

www.advenergymat.de

the sensor has a high sensitivity of 0.391 V s m™!, which is
beneficial for practical applications. Moreover, similar experi-
ments are also conducted for other low frequencies. The output
voltage of proposed triboelectric accelerometer was measured
under different vibration acceleration at another constant fre-
quency (2.3 Hz). As shown in Figure S4 (Supporting Informa-
tion), the correlation coefficient of the linear fitting is 0.994, the
slope is 3.916, and the sensitivity of 0.400 V s> m™'. These test
results further verify that the proposed triboelectric device can
be as an accelerometer to monitor the vibration by measuring
the output voltage.

In order to evaluate the performance of the proposed tri-
boelectric accelerometer, the commercial accelerometer (PCB
Piezoelectronics, Inc. ICP SN186880) has been used for quanti-
tative comparison when the vibration frequency is set as 3.0 Hz.
Detailed comparison results are shown in Figure 4. Figure 4a
provides the comparison of the measured acceleration time
history signals between the proposed triboelectric accelerom-
eter and a commercial one, while Figure 4c shows the meas-
ured acceleration amplitude spectrum signals (derived from the
Fast Fourier transform (FFT)) of time history signals). A partial
enlarged view of the time serial acceleration signal is also given
in Figure 4b for better illustration. One of the most striking
features presented in Figure 4b,c is that the commercial accel-
erometer using piezoelectric material is strongly dominated by
high-order harmonics, which can cause confusion in computer
data analysis. In contrast, the triboelectric accelerometer is only
dominated by the base resonance mode. This unique advantage
is very beneficial for practical applications. In contrast to clas-
sical piezoelectric accelerometer, triboelectric accelerometer
works best at low frequency (<5-10 Hz), which can also be
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Figure 3. Performances of the triboelectric accelerometer. a—d) Output voltage of triboelectric accelerometer at several specific accelerations. e) Com-
parison of output voltage of triboelectric accelerometer at several specific accelerations. f) The relationship between the positive peak value of output

voltages and the corresponding acceleration.
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Figure 4. Dynamic displacement monitoring for bridge structural health monitoring. a) Comparison of the measured acceleration time history signal
between the proposed triboelectric accelerometer and a commercial accelerometer. b) Partial enlarged view of (a). c) The measured acceleration
amplitude spectrum signal of the proposed triboelectric accelerometer and a commercial accelerometer. d) Comparison of the estimated displacement
between the proposed triboelectric accelerometer and a commercial accelerometer. e) Partial enlarged view of (d). f) The estimated displacement
amplitude spectrum of the proposed triboelectric accelerometer and a commercial accelerometer.

used as a sensor for actively detecting acceleration. The main
causes are as follows: First, this is because the frequency has
little influence on output voltage and output charge of triboe-
lectric nanogenerator. However, the performance of typical pie-
zoelectric sensor will degrade with the decrease of frequency,
especially in low frequency. Second, the output voltage signals
of piezoelectric accelerometers are relatively small and vulner-
able with the environmental and cable-generated noises, which
could lead to erroneous output signals when used in low-fre-
quency environments, and thus a special low-noise cable has
to be used for accurate measurements and the system cost
will increase significantly. Third, triboelectric accelerometer
can be as self-powered active sensor, which is different from
conventional sensors since it can generate an output electric
signal itself without an external power supply. It can be found
that the proposed triboelectric accelerometer is more suitable
to apply in low vibration frequency condition than the com-
mercial piezoelectric accelerometer. Moreover, compared with
commercial MEMS accelerometer, the proposed triboelectric
accelerometer has very low fabrication cost. Of course, the
proposed triboelectric accelerometer is only prototype sensor
and should be further improved in device structure and fabri-
cation process in order for commercial application. However,
triboelectric accelerometer has been shown the splendid pros-
pects and unique merits. The estimated displacement results
derived from the measured acceleration are demonstrated in
Figure 4d—f. Specifically, Figure 4d shows the comparison of
the estimated displacement between the proposed triboelectric
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accelerometer and a commercial accelerometer, while Figure 4f
shows the estimated displacement amplitude spectrum of the
proposed triboelectric accelerometer and a commercial one. A
partial enlarged view of the time serial displacement is given
in Figure 4e as well. The amplitude spectrum of displacement
plots indicates that the low-frequency noise level of our pro-
posed triboelectric accelerometer is very small compared with
the commercial accelerometer, which further evaluated the
performance of the proposed triboelectric accelerometer espe-
cially applied in the low vibration frequency environment. An
experimental video demo of dynamic displacement monitoring
system based on triboelectric accelerometer for bridge struc-
tural health is as shown in Video S5 (Supporting Information).

3. Conclusion

An integrated self-powered dynamic displacement monitoring
system based on the novel triboelectric accelerometer sensor
is developed. The fabricated triboelectric accelerometer con-
sists of an outer transparent sleeve-tube and an inner cylin-
drical inertial mass suspended by a highly stretchable silicone
fiber. The experimental results show that the generated electric
output signals of the fabricated accelerometer are proportional
to the vibration acceleration, which can accurately sense the
vibration acceleration. Especially, the developed triboelectric
accelerometer has more superior performance applying in the
lower vibration frequency range (below 5 Hz) compared with

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the traditional piezoelectric accelerometer. Moreover, we adopt
the accelerometer to monitor the infrastructure health by devel-
oping a real-time bridge displacement monitoring system.
By timely monitoring of the dynamic displacement of bridge
caused by external shock force, the proposed self-powered
monitoring system can transmit the alarming signal as soon as
the vibrational displacement of bridge exceeds the predefined
safety threshold. In a word, the proposed system based on the
triboelectric accelerometer will provide a promising and cost-
effective solution for the structural heath monitoring.

Supporting Information

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