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ABSTRACT: Vibration sensor is very necessary for monitoring the
structural health of constructions. However, it is still a major
challenge to meet simultaneously real-time monitoring, continuous
assessment, and early incident warning in a simple device without a
complicated power and analysis system. Here, we report a selfpowered vibration sensor system to achieve real-time and continuous
detection of the vibration characteristics from a dual-mode triboelectric nanogenerator (AC/DC-TENG), which can produce either
alternating current (AC) or direct current (DC) within diﬀerent
operation zones. Within the vibration-safe region, the AC/DC-TENG
with AC output not only can continuously assess the vibration
characteristics but also can power the signal transmission. More importantly, once the vibration amplitude crosses the danger
threshold, the AC converts immediately to DC, meanwhile triggering the alarm system directly to accurately predict the
danger of construction. Our self-powered vibration sensor system can serve as a facile tool for accurately monitoring the
structural health of constructions.
KEYWORDS: self-powered system, vibration threshold monitoring, triboelectric nanogenerator, real-time alarm system,
dual-model structure
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vibration-monitoring sensors, which could detect vibrations
by unmanned aerial vehicles, cameras, piezoelectric sensors,
smartphones, and mobile sensors, have been developed based
on vibration-based condition measurement.5 These smart
sensors have the advantages of high accuracy, high sensitivity,
and capabilities of storing and managing high volumes of data
combined with computer technology. Nevertheless, these
sensors need batteries or other energy storage devices to
operate, resulting in limited lifespan, high recovery and
replacement costs, and intractable pollution problems.
A new category of self-powered sensors, which can rationally
harvest the ambient energy and operate well without a battery,
is highly desirable in recent years.6−17 Self-powered vibrationmonitoring sensors based on a triboelectric nanogenerator
(TENG) have received wide attention, because its output

s the operation time increases, the civil construction
performance, caused by overstressing, material aging,
lack of predictive maintenance, etc., will degrade
progressively and result in potential safety hazard problems.
The unexpected failures of architectural structure inevitably
lead to tremendous life damage and property losses. In order to
keep the construction in good operation condition, except for
the appropriate structural design, ﬁne construction norms, and
periodic maintenance, its real-time operation condition
monitoring is also a necessary preventive measure.1,2 A ﬁber
optic sensor, which is a vibration sensor based on measuring
electrical signal changes caused by light signal variations, has
been successfully applied for long-term structural health
monitoring of large-scale bridges, owing to their attractive
characteristics of distributed sensing and simple structure.3
However, the measurement result errors caused by slight
source ﬂuctuation and high-cost ﬁber materials limit the wide
application of ﬁber optical sensors. Therefore, the direct
transition of fundamental vibration parameters (e.g., acceleration, velocity, displacement) into electrical signals is an
intuitive feedback method about the assessment of construction movement in diﬀerent environments. 4 Thus,
© XXXX American Chemical Society

Received: December 26, 2019
Accepted: February 10, 2020
Published: February 10, 2020

A

https://dx.doi.org/10.1021/acsnano.9b10142
ACS Nano XXXX, XXX, XXX−XXX

Article

www.acsnano.org

ACS Nano

www.acsnano.org

electrical signal characteristics are closely related to the
parameters of input mechanical behaviors (amplitude,
frequency, etc.).18−20 For example, a contact-mode freestanding alternative current TENG (AC-TENG) was reported
to quantitatively measure the vibration amplitude through
monitoring the voltage or current outputs of AC signals.21,22
What is more, a sliding-mode freestanding AC-TENG was
designed as a vibration accelerator sensor.23 Although these
devices based on an AC-TENG can realize self-powered
sensing, they still need external electric energy to drive
auxiliary instruments (data acquisition card, electrometer,
voltmeter, amperometer, and computer) to collect and then
analyze the electrical signals to judge the actual vibration
parameters.
In order to realize fully self-powered amplitude threshold
monitoring while retaining the accuracy of a vibration-monitor
sensor, we designed a dual-mode triboelectric nanogenerator
(AC/DC-TENG), which is able to produce either an AC or
DC signal within diﬀerent operation zones. This integrated
dual-mode TENG (AC/DC-TENG) vibration monitoring
sensor provides a multifunctional response under diﬀerent
vibration amplitudes: within the safe vibration amplitude
region, only AC signals are produced by the AC-TENG, which
can be stored in an energy storage device for powering signal
transmission to a remote monitoring system;24 over the safe
threshold, the DC signals occur and accurately drive a real-time
alarm. Apart from the vibration amplitude, other vibration
parameters (e.g., frequency and acceleration) can also be
sensed by the AC-TENG. In a word, the AC/DC-TENG fully
self-powered the vibration amplitude threshold monitoring
system and can achieve real-time monitoring of the secure state
of vibration without external power or software.
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Figure 1. Schematic and experimental structure of a fully selfpowered vibration monitoring sensor driven by an AC/DC-TENG.
(a) Structure of the AC/DC-TENG. (b) Detailed structure and two
diﬀerent operation zones of the AC/DC-TENG (where FE is the
frictional electrode, CCE is the charge-collecting electrode, TEL is
the triboelectric layer, and SS is the supporting substrate).

the danger zone, air breakdown will occur between the CCE
and TEL because of the strong electric ﬁeld under their tiny
gap, resulting in a DC signal in the external circuit and driving
the alarm light directly (Figure 1b).28−30 More importantly,
the signal type conversion between AC and DC of the AC/
DC-TENG within and exceeding the vibration threshold can
be used as 0−1 binary code signals in computer programming
to combine with the Internet of Things for signal transmission,
owing to the eﬀective operation, easy physical realization, and
strong versatility.31 This working mode belongs to the DCTENG, and its detailed process is shown in Figure S1b.29 In a
word, two types of electrical signals are produced by the AC/
DC-TENG during two diﬀerent motion zones, respectively, so
we can judge the vibration amplitude whether it exceeds the
vibration threshold without external equipment (just through
monitoring the signal type changes of electrical signals).
Working Mechanism of the AC/DC-TENG. For a better
illustration of the working mechanism, the detailed principle of
AC/DC-TENG is illustrated in Figure 2. In the initial state, the
slider is fully overlapped with the FE. Due to the contact
electriﬁcation eﬀect, the FE surface shows positive charges,
accompanied by the negative charges on the FEP surface. The
working principle of the AC/DC-TENG can be elucidated as
two aspects. Under the safe threshold, the single motion cycle
of AC/DC-TENG is i → ii → iii → iv → v → i, as shown in
Figure 2a. The slider slides in a reciprocating manner between
two FEs, resulting in a back-and-forth ﬂow of electrons (i.e.,
AC) between two FEs by electrostatic induction. The electrical
signals of this process correspond to IAC1/UAC1 (i → ii → iii)
and IAC4/UAC4 (iii → iv → v), as shown in Figure 2b and c. If
part of the slider moves oﬀ the far edge of the FE (v → vi),
because of the high electrostatic ﬁeld between the CCE and
the negatively charged FEP surface, the air breakdown occurs
in the tiny gap, causing a DC in the external circuit, which was
conﬁrmed by our previous research.29 The DC signals will
remain until the whole slider moves oﬀ the far edge of the FE
(IDC1/UDC1). When the slider moves back (vi → i), a large
number of electrons on the FEP surface have been consumed

RESULTS AND DISCUSSION
Structure of the AC/DC-TENG. With the rapid progress of
material science and architectural techniques, modern
buildings are developing toward being higher, longer, and
lighter and having diﬀerent shapes. To ensure the structural
safety and healthy operation while reducing the maintenance
cost and the loss of property and people, establishing a
structural health monitoring system that can warn of early
possible construction failure is an extremely eﬀective and
important safeguard means.25 Here, we designed an AC/DCTENG to drive a fully self-powered vibration amplitude
threshold monitoring system (Figure 1a) for detecting the
working state of construction (taking a bridge as an example).
The structure of the AC/DC-TENG is composed of a stator
and a slider, as shown in Figure 1b. The stator is made of two
friction electrodes (FEs), a charge collecting electrode (CCE),
and an acrylic layer as supporting substrate (SS). Two FEs of
equal size (20 mm × 20 mm) are pasted side by side on the
acrylic substrate, with a gap of 0.5 mm, and a CCE is placed on
the bottom edge of the acrylic substrate. The slider (20 mm ×
20 mm) is attached to a ﬂuorinated ethylene propylene (FEP)
ﬁlm as a triboelectric layer (TEL). When the slider slides in a
reciprocating manner between two FEs but not over the edge
of the acrylic substrate, namely, in the safe zone, the AC signal
is generated and ﬂows between the two FEs due to the eﬀects
of triboelectriﬁcation and electrostatic induction (Figure 1b),26
and a vibration behavior parameter is obtained through the
computer. This working mode belongs to the AC-TENG, and
its detailed process is shown in Figure S1a.27 When a part of
the slider moves oﬀ the edge of the acrylic substrate, namely, in
B
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Figure 2. Working mechanism of the AC/DC-TENG. (a) Working process of the AC/DC-TENG. (b) Output current of the AC/DC-TENG
with diﬀerent motion processes. (c) Output voltage of the AC/DC-TENG with diﬀerent motion processes.

between the two FEs, W is the width of the single FE, and Δx
is the vibration amplitude within the safe zone (0 mm ≤ Δx ≤
20 mm, Figure S3a). For the AC/DC-TENG device, the σAR,
W, and CAC are all constant; thus, the ΔVAC is well linearly
proportional to Δx, as shown in Figure 3a and b. Furthermore,
we tested more than 10 000 cycles to prove the good stability
of the AC/DC-TENG, as shown in Figure S4. When the
vibration amplitude is ﬁxed and the vibration velocity changes,
as shown in Figure S5, we found that the peak current has a
positive correlation with velocity (the detailed formula is in
Supplementary Note 1). Meanwhile, we can also measure the
vibration frequency and acceleration by monitoring the current
output and calculating the diﬀerential value of the current,
respectively (Figure S6 and Figure S7). Figure 3c shows the
charging curve of a capacitor (1.00 μF) charged by the ACTENG at diﬀerent vibration amplitudes and frequencies. The
charging rate increases with the increase of the vibration
amplitude and frequency, and the capacitor can be charged to
3 V within 46.5 s (displacement: 10 mm; frequency: 2 Hz).
Figure 3d depicts the charging curves of diﬀerent capacitors
(0.22, 0.47, 1.00, 2.20, 4.70 μF) charged by the AC-TENG at a
vibration amplitude of 5 mm and a vibration frequency of 2
Hz, where the 4.70 μF capacitor can be charged to 3 V within 6
min. Storing the AC generated by the AC-TENG in a capacitor
can be used to power auxiliary electronic devices for remote
signal transmitting.

in the last process (v → vi); thus the electric ﬁeld in the gap is
not strong enough to break through the air, resulting in no DC
and voltage output (gray region, Figure 2b and c).
To conﬁrm the eﬀect of the CCE, the output performance of
the slider moves out of the FE but without the CCE is carried
out (Figure S2a). Weak AC signals of this procession are
produced between two FEs, as shown in Figure S2b, because
this is a simple sliding mode AC-TENG. Compared to just AC
signals, adding the CCE to produce DC signals not only can
improve the accuracy of amplitude threshold judgment by the
switching of diﬀerent electrical signal types but also can drive a
real-time alarm system without external equipment.29 Therefore, our system can be used as a vibration amplitude threshold
detector and achieve fully self-powered amplitude threshold
alarming by DC.
Output Performance of the AC/DC-TENG. When the
slider vibrates in the safe zone, the output characteristics of
VAC (the open-circuit voltage of the AC-TENG) are
proportional to the vibration amplitude, as shown in Figure
3a and b. The relationship between VAC and Δx can be
explained with the following formula:
ΔVAC =

ΔQ AC
CAC

=

σACΔSAC
σ W
= AC Δx
CAC
CAC

(1)

where σAC is the transferred charge density in each vibration
within the safe region, CAC is the equivalent capacitance
C
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Figure 3. Output performance of the AC/DC-TENG. (a) VAC of the AC/DC-TENG within the safety zone. (b) Relationship between the VAC
and Δx. (c) Charging curves of a capacitor (1 μF) charged by the AC/DC-TENG at diﬀerent vibration amplitudes and frequencies. (d)
Charging curves of diﬀerent capacitors charged by the AC/DC-TENG at a vibration amplitude of 5 mm and a vibration frequency of 2 Hz.
(e) VDC of the AC/DC-TENG when the vibration amplitude is over the threshold. (f) Relationship between the VDC and Δy. (g) Output
voltage of the AC/DC-TENG at various working stages. (h) Enlarged view of the output voltage of the AC/DC-TENG. (i) Linear
relationship between VAC and Δx or VDC and Δy, respectively.

voltage signals of the AC/DC-TENG at the vibration
amplitude exceeding the amplitude threshold by 19.5 mm.
According to the characteristics of the output voltage signals
produced by the AC-TENG and DC-TENG, the linear
relationship between VAC and Δx or VDC and Δy works well
in the safe zone or danger zone, respectively (Figure 3i). From
Figure S9, we can see that the AC output is not aﬀected by the
DC output when the vibration amplitude is over the threshold.
Furthermore, besides measuring the vibration in the vertical
direction, the oscillation motion in the horizontal direction
also can be monitored by the voltage and current signals of the
AC/DC-TENG sensor, and its working mechanical and output
performance is as shown in Figure S10 and Figure S11.
Application of the AC/DC-TENG in Monitoring
Vibration Motion. The structural health monitoring system
is greatly signiﬁcant for preventing a sudden accident caused by
the deteriorated strength and stiﬀness of construction over
time. A traditional AC-TENG in judging vibration amplitude
still needs auxiliary equipment to feedback signal (Figure 4a),
resulting in a challenge in the real-time eﬀectiveness of
vibration-monitoring sensors. Beneﬁting from the working
mechanism and structure design, our proposed AC/DCTENG sensor can accurately judge amplitude threshold and is
a fully self-powered alarm system, which may be ideal as a
vibration detector for monitoring the structural health of a

When the slider moves out of the amplitude threshold,
namely, in the danger range, the VDC (the potential between
the FE and CCE) of the DC-TENG at diﬀerent vibration
amplitudes is shown in Figure 3e. The VDC depends on the
amount of charges ionized by air breakdown, and the number
of ionizing charges is directly proportional to the swept area
(i.e., the sliding out distance of the slider) of the CCE. This
result can be explained by the following formula:
ΔVDC =

ΔQ DC
C DC

=

σDCΔSDC
σ W
= DC Δy
C DC
C DC

(2)

where σDC is the transferred charge density in each vibration
amplitude over the amplitude threshold, CDC is the equivalent
capacitance between the FE and CCE, W is the width of the
single FE, and Δy is the vibration amplitude over the
amplitude threshold (0 mm ≤ Δy ≤ 20 mm, Figure S3b).
For the AC/DC-TENG device, the σDC, W, and CDC are all
constant; thus, the ΔVDC is well linearly proportional to Δy, as
shown in Figure 3e and f. Therefore, the amplitude distance
beyond the amplitude threshold can be characterized by the
VDC, and Figure S8 is the illustration of DC collected by the
CCE when the sliding displacement exceeds the threshold.
Figure 3g shows the voltage signal type changes of AC/DCTENG at several speciﬁc amplitudes in the safe and danger
zones, respectively, and Figure 3h is an enlarged view of the
D
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Figure 4. Application of the AC/DC-TENG sensor in monitoring bridge structural health. (a) Operation ﬂow diagram of the self-powered
vibration monitoring system based on the AC-TENG sensor. (b) Operation ﬂow diagram of the fully self-powered vibration-monitoring
system based on the AC/DC-TENG sensor. (c) Photo of the whole fully self-powered vibration monitoring system on the bridge model.
Scale bar: 4 cm. (d) Output current of the AC/DC-TENG at two diﬀerent vibration amplitude zones. (e) Hierarchical warning system in
diﬀerent working modes.

bridge. Figure 4b shows a ﬂow diagram of the AC/DC-TENG
sensor in monitoring vibration behavior of a bridge. If its
vibration amplitude is within the safe zone, the AC-TENG part
of the AC/DC-TENG sensor converts the mechanical
vibration into electrical energy to store in the energy storage
unit, and the output power of the AC-TENG is shown in
Figure S12. Additionally, the AC output can be improved by
increasing the size of the device, selecting materials with
excellent triboelectric property, and integrating adjustable
circuits.32−34 When the bridge vibrates so grievously as to
move the slider of the AC/DC-TENG sensor over the safe
threshold, the DC signals will be generated and drive the red
alarm light directly, realizing a real-time alarm. It is worthy to
note that this amplitude threshold monitoring and alarm
system is fully self-powered without other recognition software.
Furthermore, the energy storage device charged by the ACTENG can power the wireless unit for transmitting data to a
remote monitoring location.
In order to simulate the working conditions of the AC/DCTENG sensor, we integrated the whole fully self-powered

system with a hard material bracket (width and height are 8
and 14 cm) on a bridge model, as shown in Figure 4c. When
the slider vibrates in the safe zone, the mechanical energy was
converted into electrical energy by the AC-TENG for storing
in a capacitor. When part of the slider slides out of the
threshold, the DC produced by the DC-TENG drives the red
LED light in real time, as shown in Video S1. In order to
visually display the electrical signals and the corresponding
vibration amplitude during the vibration process, the AC/DCTENG sensor is ﬁxed on motors as a vibration sensor. The
shape of the output current during two diﬀerent motion ranges
is shown in Figure 4d. We can see that the sound and red light
work in the danger zone from Video S2. Moreover, through
further optimizing the structural design, we also achieve a selfpowered vibration displacement hierarchical alarming system
(Figure 4e), which can achieve ﬁrst-order alarming and
secondary alarming, for quantifying the severity of amplitude
exceeding the threshold, as shown in Video S3. This selfpowered vibration displacement hierarchical warning method
can provide more detailed information about structural
E
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CCE; two motion ranges of AC/DC-TENG; stability of
the AC/DC-TENG; relationship between current and
time of the AC/DC-TENG; relationship of vibration
frequency and the output current; linear relationship
between dI/dt and vibration acceleration; DC signal of
the DC-TENG; AC and DC output of the AC/DCTENG when the vibration amplitude is over the
threshold; working mechanism of the AC/DC-TENG
oscillating in the horizontal direction; output performance of the AC/DC-TENG oscillating in the horizontal
direction; output power of the AC-TENG (PDF)
Video S1: Fully self-powered vibration monitoring
system driven by the AC/DC-TENG (AVI)
Video S2: Audio alarm of the AC/DC-TENG (AVI)
Video S3: Self-powered hierarchical warning system
(AVI)

CONCLUSION
We have reported the design and fabrication of a dual-mode
TENG to achieve a fully self-powered vibration threshold
monitoring system, which is integrated with a traditional
freestanding AC-TENG and a DC-TENG. Our approach
addresses the amplitude threshold self-powered monitoring
accuracy and real-time eﬀectiveness issues of a traditional selfpowered sensor by detecting the signal type switching of AC
and DC signals and using DC output drives an alarm system
directly. Furthermore, this system can continuously monitor
the vibration amplitude and velocity according to the electrical
signal produced by the AC/DC-TENG. With these capabilities, the AC/DC-TENG could provide a convenient and
eﬀective avenue for monitoring the structural health of
construction.
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Fabrication of the AC/DC-TENG Sensor. The fabrication
process of the AC/DC-TENG is divided into two major steps: (i)
the slider consists of three layers; the bottom layer is a piece of acrylic
with a thickness of 5 mm as slider substrate, and it is cut into a square
with side length of 20 mm by a laser cutter (PLS6.75, Universal Laser
Systems). The interlayer is a piece of square foam with the same size
as the slider substrate and a thickness of 1 mm as a buﬀer layer to
decrease the hard abrasion between the FEP ﬁlm and melt electrode.
The top layer is a piece of FEP ﬁlm with the same size as slider
substrate and a thickness of 30 μm as a triboelectric layer. (ii) The
stator is made of a substrate, two FEs, and a CCE. Similarly, a piece of
acrylic with a thickness of 5 mm and size of 20 mm × 40.5 mm was
cut by a laser cutter as a stator substrate, and then two FEs of equal
size (20 mm × 20 mm) were stuck side by side on the acrylic plate
with a small gap of 0.5 mm between them. A piece of CCE with a size
of 20 mm × 5 mm was pasted on the side of the acrylic plate along the
vertical direction.
Integration of the Fully Self-Powered Vibration Monitoring
System and AC/DC-TENG. The fabrication process of this system
consists of a ﬁxed rigid support frame, a vibration module, and a
circuit manager. The ﬁxed rigid support frame is used to support the
stator part of the AC/DC-TENG. The vibration module is made of a
ﬁxed rod, two springs, and a stainless-steel cube. The slider was
installed on the stainless-steel cube, and the cube was placed in the
middle of two springs; then they were all strung on a ﬁxed rod. The
circuit manager is made of a rectiﬁer, a capacitor, and a red LED light.
The function of the rectiﬁer and capacitor is to store the AC output
generated by the AC-TENG. The red LED light connected between
the FE and CCE is used as an amplitude threshold alarm light.
Electrical Measurement and Characterization. The vibration
process is implemented by a linear motor (TSMV120-1S). A
programmable electrometer (Keithley Instruments model 6514) is
adopted to measure the short-circuit current, transferred charges, and
open-circuit voltage of the AC/DC-TENG. A potentiostat (Bio-Logic
VSP-300, France) was used to test the charging curves of capacitors
charged by AC-TENG charging.
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