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large numbers of casualties, huge eco-
nomic losses, and severe damages to struc-
tures and infrastructures.[1,2] In general, 
the landslide is a form of mass wasting 
that includes a wide range of ground 
movements, such as rockfalls, deep-seated 
slope failures, and superficial landslides, 
which needs to be monitored at all times. 
Conventional methods, including geo-
morphological field mapping,[3] visual 
interpretation of stereoscopic aerial pho-
tographs,[4] triangulation,[5] and electronic 
distance measurement (EDM)[6] have been 
investigated for mapping landslides and 
monitoring slope instabilities. Unfortu-
nately, these methods are time-consuming 
and resource-intensive.[7,8] At present, 
multiple approaches based on satellite, 
airborne, and terrestrial remote sensing 
technologies have been researched exten-
sively, promising to reduce the time and 
resources required for compilation and 
systematic update.[7,9] Nevertheless, under-
lying problems such as vegetation over-
growth and night-capturing restrictions 
make it difficult to monitor from optical 
images and cause false alarm incidents, 

thus limiting their utilization.[10] Furthermore, subsurface land-
slides are difficult to identify using standard aerial photography 
or satellite imaging.[7,10,11] To monitor subsurface landslides, 
other technologies, such as electrical resistivity tomography 
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proposed and implemented, with the aim of effectively monitoring landslides. 
The fabricated TTEFBS, based on a single-electrode working mode, consists 
of a timbo-like inner polydimethylsiloxane (PDMS) core coated with a carbon 
electrode and an outer silicon rubber tube. Owing to the novel structure 
and sensing mechanism, the TTEFBS achieves high sensitivities (5.20 V N−1 
under pressing and 1.61 V rad−1 under bending), fast response/relaxation 
time (<6 ms), and long-term stability/reliability (more than 40 000 cycles). 
Furthermore, a wireless and distributed monitoring system using an array 
of TTEFBSs is developed for systematically detecting rockfalls, deep-seated 
landslides, and superficial landslides. Additionally, a zigzag-structured 
triboelectric nanogenerator (Z-TENG), characterized by an open-circuit voltage 
of ≈2058 V and a short-circuit current of ≈154 µA, is successfully fabricated for 
scavenging energy from moving cars to provide power in wild environments, 
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inspire rapid progress of TENG in applications of wireless, distributed sensing, 
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1. Introduction

As one of the three major global geological disasters, along with 
earthquakes and volcanic eruptions, landslides have caused 
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(ERT), ground-penetrating radar (GPR), and distributed optical 
fiber sensors (DOFS), have been investigated. However, key 
limitations on the use of these technologies are the cost and 
complexity of the monitoring system and the requirement of 
external power sources.[12–14] Therefore, the research for self-
powered, effective, and real-time landslide monitoring is still an 
urgent challenge, which needs to be conquered.

Recently, the triboelectric nanogenerator (TENG), based on 
triboelectrification and electrostatic induction, was first reported 
by Wang and co-workers in 2012[15]; this can produce high 
electrical output in response to an external mechanical excita-
tion, and thus bring about emerging techniques.[16] Because 
of the advantages of high output, high energy conversion effi-
ciency and inexpensive fabrication, TENGs have been used suc-
cessfully for harvesting energy, such as from vibrations,[17–24] 
acoustics,[25,26] wind,[27–29] water,[30–36] and biomechanical.[37–41] 
Furthermore, TENGs show great potential for applications as 
self-powered sensors. For instance, TENGs have been devel-
oped as self-powered sensors for detecting water/ethanol,[42] 
wind speed sensing,[43] microliquid biological and chemical 
sensing,[44] and vibration monitoring.[45] It is worth mentioning 
that, by comparison with other fundamental working modes, 
in the single-electrode mode one triboelectric layer can move 
freely without any restriction.[16] With this advantage, the 
single-electrode mode is particularly suitable for acting as a self-
powered sensor for detecting any electrically charged object.[46] 
This mode has been reported widely in self-powered sensor 
applications, such as pressure/touch sensors and human 
motion sensors in human health monitoring,[47–50] acceleration 
sensor in vibration monitoring,[51] and self-powered identifica-
tion systems.[52] Nevertheless, landslide monitoring is a major 
application that has not been realized for TENGs.

Herein, a self-powered sensing and monitoring system based 
on a timbo-like triboelectric force and bend sensor (TTEFBS) is 
proposed as an attractive alternative to the landslide monitoring 
system. Because of this promising design, a superior perfor-
mance is achieved, including high sensitivities of 5.20 V N−1 
under pressing and 1.61 V rad−1 under bending, fast response/
relaxation time of <6 ms, and long-term stability/reliability 
measurements for 40 000 cycles. Multiple TTEFBSs are inte-
grated into an array for rockfall detection and slope monitoring. 
Furthermore, to establish a self-powered monitoring system, 
we fabricated a zigzag-structured triboelectric nanogenerator 
(Z-TENG) in a deceleration strip as a power source for scav-
enging energy from moving cars on roads. This work marks an 
important progress toward the practical application of TENG in 
environmental/infrastructure monitoring.

2. Results and Discussion

The structure of the TTEFBS is depicted schematically in 
Figure 1a. The polydimethylsiloxane (PDMS) core is molded 
with a timbo-like structure through the injection molding tech-
nology (Figure S1, Supporting Information). The shape of its 
cross-section is inspired from the petal, enabling the TTEFBS 
to respond to the external dynamic force with high sensitivity. 
A carbon layer is deposited on the outer surface of the flex-
ible PDMS core as an electrode; the entire inner core is then 

suitably assembled in a silicon rubber tube. Figure 1b-i is 
the photograph of the flexible inner core. Figure 1b-ii shows 
a scanning electron microscopy (SEM) image of the sur-
face morphology of the inner core, in which the microstruc-
tures tend to be randomly distributed. These microstructures 
are likely to be readily deformed and become adaptive to the 
surface morphology of the silicon rubber for an intimate con-
tact. The photograph of the fabricated TTEFBS in Figure 1c 
illustrates the flexibility of the sensor.

The TTEFBS is based on the coupling effect of contact 
electrification and electrostatic induction and works in single-
electrode mode. Figure 1d–e present the working mechanism 
of the single-electrode TTEFBS under short-circuit condition 
and the numerically calculated potential distribution under 
open-circuit condition, respectively. When the TTEFBS is com-
pressed or bent, the carbon electrode and the outer silicon 
rubber tube are brought into adequate contact by an external 
force, and the electrons are injected from the inner carbon 
layer into the silicon rubber layer because of the difference in 
surface electron affinities (Figure 1d-i). The induced charges 
are balanced because of electrostatic induction; hence, there is 
neither charge flow nor potential difference across the carbon 
electrode and outer tube, nor between the electrode and the 
ground (Figure 1e-i). Under a short-circuit condition, elec-
trons will be driven from the ground to the carbon electrode 
under releasing, while from the carbon electrode to the ground 
under pressing, to balance the electric potential (Figure 1d-ii). 
Once the contact area decreases under releasing or increases 
under pressing, the immediate charge separation will induce a 
positive potential on the electrode relative to the ground under 
open-circuit conditions (Figure 1e-ii). The full cycle of the 
electricity generation process for the TTEFBS can be seen in 
Figures S2 and S3 in the Supporting Information.

The typical electrical responses of the TTEFBS under 
external mechanical stimulation by a mechanical shaker are 
shown in Figure 1f–g. As a 2 Hz cyclic pressing force (40.0 N) 
is applied on the TTEFBS with eight petals, it produces an 
open-circuit voltage (VOC) of ≈32.2 V and a short-circuit current 
(ISC) of ≈1.15 µA. The VOC increases when the pressing force is 
applied on the sensor, and decreases under the releasing force 
(Figure 1f). Furthermore, it can be seen that the ISC is pulse-
like. A negative peak of ISC is observed once the TTEFBS is 
pressed; while the peak of ISC becomes positive at the moment 
of the releasing force (Figure 1g), which agrees with the afore-
mentioned analyzed electricity generation process.

To investigate the effect of the petal numbers on the 
output performances, the TTEFBSs with four, eight, and twelve  
petals were tested under various pressing forces/bending angles 
with a constant frequency of 2 Hz. The experimental setup  
is illustrated in Figure S4 in the Supporting Information. First, 
the electrical outputs were measured with different pressing 
forces. In Figure 2a, x and y are the pressing directions. The 
direction x is along AO, while the direction y is the angular 
bisector BO of adjacent petals. The voltage-force curves of the 
TTEFBSs with different petal numbers in the same pressing 
direction x are plotted in Figure 2b. It is worth noting that the 
three TTEFBSs show the two-region behavior; that is, high sen-
sitivity in a low-force region and low sensitivity in a high-force 
region. In the low-force region, the increased force results in 
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a drastic contact area change, leading to a larger voltage vari-
ation, whereas in the high-force region, an equal change in 
force results in a smaller change in contact area.[48] Note that 
the TTEFBS with twelve petals has the highest sensitivity which 

is caused by the largest contact area. Relying on the novel 
working principle and the unusual timbo-like structure allows 
the TTEFBS with twelve petals to distinguish itself in terms of 
sensitivity together with linear range of force (5.20 V N−1 in a 
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Figure 1. Structure, working mechanism, and typical electrical responses of the TTEFBS. a) Schematic illustrations of TTEFBS. b-i) Photograph of 
the inner core (scale bar, 1 cm. The petals are highlighted in orange lines.) and b-ii) SEM image of carbon-coated surface of PDMS (scale bar, 1 µm). 
c) Photograph of an as-fabricated TTEFBS. d) Working mechanism of TTEFBS and e) numerical calculations of the potential on TTEFBS electrodes 
at two typical states, as evaluated by COMSOL. Measured typical electrical responses, including f) open-circuit voltage and g) short-circuit current of 
the TTEFBS.
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range of 0.1–3 N and 0.36 V N−1 in a range of 4–47.5 N), com-
pared with that of a triboelectric tactile sensor (0.028 V N−1 in a 
range 40–140 N)[53] or a force sensor based on capacitive (8.28, 
4.53, and 2.97 N−1 in unites of relative capacitance, in ranges 
of 0.032–0.13, 0.13–0.26, and 0.26–0.64 N, respectively).[54] 
Furthermore, we tested the electrical outputs under various 
bending angles. The concrete time profiles of open-circuit volt-
ages and short-circuit currents are presented in Figure S5 in 
the Supporting Information. In Figure 2c, as the bending angle 
increases, the output voltage among the three TTEFBSs rises. 
This increasing behavior can be attributed to the increase of 
the contact area with the increasing bending angle. Further-
more, the TTEFBS with twelve petals has the highest sensitivity 
(1.61 V rad−1) with excellent linearity (R2 = 0.992). Addition-
ally, the ISC values among the TTEFBSs with various pressing 
forces and bending angles (Figure S6a,b, Supporting Infor-
mation) indicate similar trends as the VOC measurements. At 
last, we investigated the relationship between the output and 
pressing direction by measuring the outputs of the TTEFBSs 
with the two directions x and y under a constant pressing force 
of 3 N, as diagramed in Figure 2d. The TTEFBS with twelve 
petals shows the smallest variations of VOC with the pressing 
direction, and the variations in ISC are similar to those in VOC 
(Figure S6c, Supporting Information), which indicates the 
output of the TTEFBS with twelve petals is independent of the 
pressing direction. Hence, the TTEFBS with twelve petals is 
optimal for application in the force and bend sensing because 

it has the greatest sensitivities, and shows stable performance 
along random pressing directions.

Since the mechanical stimulation from the environment 
is irregular and varies in frequency, it is essential to study 
the dependence of TTEFBS’s output on frequency. Thus, the 
voltage and current responses of the TTEFBS with twelve petals 
were tested at a constant cyclic pressing force of ≈5.0 N over a 
range of frequencies from 1 to 10 Hz. As shown in Figure 3a,b, 
the output voltage VOC is ≈20.5 V, and remains almost 
unchanged at various frequencies. The reason for this is that 
the open-circuit condition does not involve the dynamic process 
of charge transfer.[55] In contrast to the VOC, the ISC increases 
with frequency, rising from 0.476 µA at 1 Hz to 1.603 µA at 
10 Hz. This is because the increased deformation rate results 
in a fast flow rate of charges.[55] Note that the VOC relates to the 
applied force but is hardly affected by the triggered frequency, 
indicating that VOC is a reliable parameter that could be used 
for force sensing.

Furthermore, a step was taken to examine the response time 
of the TTEFBS to external forces. A real-time measurement 
of the applied force with its corresponding output voltage is 
plotted in Figure 3c. From the comparison of the force curve 
and the voltage curve for the loading and unloading process of 
the external force, it is estimated that both the response time 
and relaxation time are <6 ms. This prompt response justifies 
the practicability of the TTEFBS for detecting dynamic force, 
which is of great importance for applications of landslide 
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Figure 2. Electrical outputs of the TTEFBSs with different petal numbers under pressing and bending. a) Illustrations of the TTEFBSs with different 
petal numbers. b) Open-circuit voltages under various pressing forces. c) Open-circuit voltages under various bending angles. d) Open-circuit voltages 
under different pressing directions with a constant pressing force of 3 N.
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monitoring. Additionally, because the outputs of TENGs are 
easily affected by humidity in moist environments,[56] we sealed 
the sensor with an insulated tube with a thickness of 0.2 mm  
and an outer diameter of 5.5 mm to protect the sensor from 
humidity and measured its output voltages when setting it in 
water, as shown in Figure 3d and Movie S1 (Supporting Infor-
mation). The TTEFBS can reliably detect the manual press and 
release using a glass rod with small applied forces. In the low-force 
region of 0.1–3 N, the TTEFBS with twelve petals has a fitting  
relationship expression of VOC and force (F): VOC = 5.2F + 2.89 (V).  
Taking the VOC ≈ 3.79 V, the applied force F ≈ 0.173 N. The 

results reveal that the TTEFBS can work steadily in water, fur-
ther indicating that the sensor can be employed in real moist 
environmental conditions.

Moreover, the stability of the TTEFBS was examined 
through continuously loading and unloading under a con-
stant force (≈7 N) at a frequency of 2 Hz for 40 000 cycles. 
The voltage and current responses were measured after every 
10 000 cycles, during which 400 cycles were recorded, as 
exhibited in Figure 3e. The voltage response merely shows 
a minor decay of ≈4.6%, after 40 000 cycles. A little decay 
of ≈3.1% is found in the current response, as displayed in 
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Figure 3. Characterization results of the TTEFBS. a) Open-circuit voltages and b) short-circuit currents of the TTEFBS at a constant pressing force of 
5 N under various frequencies. c) Comparison of the real-time measurement for both the applied force (red curve) and the VOC (blue curve). Enlarged 
views of the loading and unloading process in one cycle are respectively elucidated in (up) and (down), which renders a response time of <6 ms. 
d) Output voltage in water. Inset: photograph of TTEFBS in water. e) Mechanical durability characterization of the sensor. e-i) Open-circuit voltage 
under a force of 7 N at a frequency of 2 Hz for 40 000 cycles. Enlarged views of ten cycles for e-ii) the first 10 000 cycles and e-iii) the last 10 000 cycles. 
f) Measurement of the low-end detection limit of the TTEFBS.
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Figure S6d in the Supporting Information. The VOC and ISC 
of the TTEFBS under a bending angle of π/6 at a frequency 
of 2 Hz for 40 000 cycles are given in Figure S6e–f in the 
Supporting Information, with decay of ≈4.7% and ≈4.3%, 
respectively. Hence, the stability of the TTEFBS is confirmed 
because of its robustness.

More importantly, the force sensing limit of the TTEFBS 
with twelve petals is examined by comparing the voltage signals 
of both a gentle force (0.1 N) and the corresponding noise level, 
as shown in Figure 3f. The low-end detection limit (F0) can be 
calculated by the following equation

/
0.1

1.4/0.1
N 7mN0

OC OC,noise

F
F

V V
= = ≈  (1)

Hence, the low-end detection limit of the TTEFBS with 
twelve petals is merely 7 mN, elaborating the high sensitivity 
of the TTEFBS.

Because there exist a great number of slopes alongside 
road networks, early warning for landslide incidents occurring 
along roads, highways, and railways is a vital safety practice for 
human lives, as schematically depicted in Figure 4a. In general, 
large-scale slope protection fences made up of steel cables are 
widely used to intercept falling rocks for protecting roads, rail-
ways, and buildings under steep slopes. When rocks tumble 
along the slope and collide with the protection fence, they will 
lead to deformations of the steel cables at the points of colli-
sion. The deformations suggest that the protection fences can 
give available information for analyzing and judging the occur-
rence of rockfalls. The deformation of the steel cable can lead 
to the bending of the TTEFBS when the TTEFBS is arranged 
on the steel cable, as indicated in Figure S7 in the Supporting 
Information. As demonstrated in Figure 4b, five TTEFBSs, 
labeled as sensors 1–5 and composed as an array, are arranged 
and installed at various positions on a protection fence with 
a 1 m × 1 m grid, so as to detect the deformations during 
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Figure 4. Rockfall detection, deeped-seated, and superficial landslides monitoring based on TTEFBSs array. a) Schematic diagram of rockfall detection, 
deeped-seated, and superficial landslides monitoring. b) Experimental setup for rockfall detection (scale bar, 10 cm). c) Acquired output voltage signals 
in the rockfall detection. Inset: alarm interface. d) Experimental setup for deep-seated landslide monitoring (scale bar, 10 cm). e-i) Acquired output 
voltage signals and e-ii) alarm interface in deep-seated landslide monitoring. f) Experimental setup for superficial landslide monitoring f-i) before 
and f-ii) after stirring the superficial soil layers (scale bar, 10 cm). g-i) Acquired output voltage signals and g-ii) alarm interface in superficial landslide 
monitoring.
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rockfalls. White insulated tube with a thickness of 0.2 mm and 
an outer diameter of 5.5 mm is employed to seal TTEFBSs 
to protect them from moisture and dust. As demonstrated 
in Movie S2 in the Supporting Information, when two rocks 
are released, they tumble along the slope and finally impact the 
protection fence at the regions where sensors 1, 3, and 4 are 
located. As revealed in Figure 4c, the sensors 1, 3, and 4 show  
voltage variations of 1.49, 0.37, and 1.11 V, respectively, thus 
giving the alarm (Inset of Figure 4c). This demonstration 
provides strong evidence that the TTEFBSs can not only detect 
the deformations of steel cables, but can also locate rockfall 
incident sites during rockfall monitoring. Furthermore, deep-
seated slope failures and superficial landslides often occur on 
steep or loose slopes in mountainous regions. Therefore, we 
designed a soil box with dimensions of 0.90 m × 0.22 m × 0.60 m,  
in which loose soils of ≈91 kg were loaded, so as to form a slope 
with a gradient of ≈27°. Three TTEFBSs, labeled 1, 4, and 5, 
are arranged in the superficial layer along the slope, while two 
TTEFBSs, labeled 2 and 3, are buried at different depths in the 
soil, as indicated in Figure 4d. Three planks are implanted on the 
left side of the soil box, and the horizontal separations between 
the planks and the sensors 1, 2, and 3 are all ≈18 cm. When 
successively knocking on the planks with a hammer to simu-
late the deep-seated slope failures, the output voltage variations 
acquired by the sensors 1, 2, and 3 are all ≈2.55 V, while those of 
the sensors 4 and 5 are ≈0 V (Figure 4e-i). According to the voltage 
variations, the alarm raises (Figure 4e-ii) and the deep-seated slope 
failures are detected and located by the system, as demonstrated in 
Movie S3 in the Supporting Information. In addition, to demon-
strate the feasible application to superficial landslide monitoring, 
we successively stirred the superficial soil layers near the sensors 
1, 4, and 5, as shown in Figure 4f-i, which led to the sliding of the 
superficial soil layer, as shown in Figure 4f-ii and highlighted in  
red lines. The voltage variations of the sensors 1, 4, and 5 reach 
2.45, 2.04, and 2.42 V, respectively, whereas the signals from the 
sensors 2 and 3 remain unchanged (Figure 4g-i), indicating that 
the TTEFBSs are able to detect the force variations toward them 
caused by the superficial sliding. Alarms are raised in sensors 1, 
4, and 5 successively in the alarm interface (Figure 4g-ii). A visual-
ized demonstration of the TTEFBSs in superficial landslide moni-
toring is presented in Movie S4 in the Supporting Information. 
These two demonstrations indicate that the TTEFBS is capable 
of being applied for monitoring deep-seated and superficial land-
slides. For the TTEFBSs array, each TTEFBS connects a signal 
acquisition channel. In safe state, the signals from TTEFBSs 
remain unchanged. When deep-seated slope failures, superficial 
landslides, or rockfalls occur around the TTEFBS, the TTEFBS 
can generate voltage signal. If the voltage signals from the distrib-
uted TTEFBSs are larger than the threshold, it is determined that 
the landslides occur near the TTEFBSs. Hence, according to the 
voltage variations, the alarm raises and the landslides are detected 
and located.

To establish a self-powered landslide monitoring system, 
we designed a zigzag-structured triboelectric nanogenerator 
(Z-TENG) for scavenging ambient mechanical energy as a power 
source. As schemed in Figure 5a, the Z-TENG consists of five 
TENG units in series, and its fabrication is described in the 
experimental section. The full cycle of the electricity generation 
process for each TENG can be seen in Figure S8 in the Supporting 

Information. The Z-TENG is anchored in a deceleration strip for 
scavenging energy from moving cars, as shown in Figure 5b. As 
demonstrated in Figure 5c and Movie S5 (Supporting Informa-
tion), the Z-TENG directly lights 992 commercial light-emitting 
diodes (LEDs) when a car passes forth and back over the decel-
eration strip. The peak values of VOC and ISC reach ≈2058 V and 
≈154 µA, respectively, as plotted in Figure 5d–e. This high-output 
performance of the Z-TENG in harvesting energy from moving 
cars indicates its potential as a power source. As presented in 
Figure 5f, the generated electricity can be stored directly as elec-
trochemical energy by storage elements such as batteries and 
capacitors that can provide power to other circuits, such as a 
signal processing circuit.[57] By combining the Z-TENG with 
the TTEFBSs array and signal processing circuit, a self-powered 
wireless and distributed landslide monitoring system for rockfall 
detection and deep-seated and superficial landslides monitoring 
can be developed. The TTEFBSs array could be spatially distrib-
uted to acquire real-time information from protection fences and 
slopes. A wireless transmitter in signal processing circuit can 
send out the signals from the TTEFBSs array remotely. It is worth 
mentioning that, data transmission distance is ≈15 m through 
Bluetooth in lab environment; while in outdoor environment, by 
employing general packet radio service (GPRS), the data trans-
mission distance between the wireless transmitter and the control 
terminal is not limited under the case of great communication 
signals, which meets the requirement of the practical application. 
Such a self-powered wireless and distributed landslide monitoring 
system enables evacuation of vulnerable people and allows timely 
repair and maintenance of critical infrastructures.

3. Conclusion

In summary, we present an unusual design of TTEFBSs for 
force and bend sensing in landslide monitoring. The self- 
powered TTEFBS has the sensitivities of 5.20 V N−1 under 
pressing and 1.61 V rad−1 under bending, fast response/relaxation  
time of <6 ms, and long-term stability/reliability for 40 000 cycles, 
as well as stability in water. Because of the superior performance 
of the TTEFBS, multiple TTEFBSs are integrated into an array 
for landslide monitoring. Additionally, a Z-TENG is successfully 
fabricated for scavenging energy from cars on roads, showing its 
potential application as power sources in self-powered, effective, 
and real-time landslide monitoring system. Such a monitoring 
system has great potential for providing early warning of land-
slide disasters, and thus can reduce the numbers of casualties 
and economic losses. This work will further inspire rapid pro-
gress of TENG in applications of wireless, distributed sensing, 
and environmental/infrastructure monitoring.

4. Experimental Section
Fabrication of a TTEFBS: The die with timbo-like inner cavity was 

made through wire-electrode cutting method to fabricate the mold 
for polydimethylsiloxane (PDMS) casting. The base and curing agent 
was evenly mixed in a mass ratio of 10: 1. Next, the mixture of PDMS 
was poured into the cavity of the die. Then the die with the mixture of 
PDMS was set in the drying oven at a constant temperature of 100 °C 
for 90 min. After curing, the PDMS mode was peeled off from the inner 
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cavity of the die. After that, the processed PDMS core was deposited 
with a 100 µm thick carbon electrode on its outer surface. Finally, the 
whole inner core was suitably installed in a silicon rubber tube with 
inner and outer diameters of 4 and 5 mm, respectively.

Fabrication of Nanowires on PTFE Surface: First, a piece of 25 µm thick 
polytetrafluoroethylene (PTFE) film was rinsed with menthol, isopropyl 
alcohol, and deionized water. Then, the inductively coupled plasma (ICP) 
reactive ion etching was employed to fabricate the aligned nanowires on 
PTFE surface. O2, Ar, and CF4 gases were injected into the ICP chamber 
at a flow ratio of 10.0, 15.0, and 30.0 sccm, respectively. A power source 
of 400 W was applied to produce a large density of plasma. Another 
power source of 100 W was used in order to accelerate the plasma ions. 
The nanowires on PTFE surface were obtained after an etching process 
for 60 s.

Fabrication of a Z-TENG: The Z-TENG was made up of five TENG 
units in series. In each unit, a 25 µm thick polytetrafluoroethylene (PTFE) 
film with a 100 nm thick Au back electrode was cut into a rectangle with 
dimensions of 16 cm × 20 cm, and was attached to a side of a 1 mm 
thick polyethylene terephthalate (PET) layer, and a 30 µm thick Cu foil 
was attached to the opposite side of the PET layer.

Experimental Setup for Electrical Measurements: The TTEFBS was 
mounted on an electrodynamic shaker (Labworks ET-139) powered by 
an amplified sinusoidal wave from a function signal generator (Tektronix 
AFG3021) and power amplifier (LabworkPa-13). A digital force gauge 
(DSM-50) was fixed over the TTEFBS to measure and control the 
pressing force applied to the TTEFBS. The lead wire from the TTEFBS 
was connected to an electrometer (Keithley Model 6514) to measure the 
outputs of the TTEFBS. The computer stored the measured force and 
the outputs of the TTEFBS.
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Figure 5. Self-powered TENG-based landslide monitoring system. a) Zigzag-Structured design of the TENG. b) Photograph of the Z-TENG in a 
deceleration strip (scale bar, 10 cm). c) Z-TENG used as a power source to light 992 commercial LEDs (scale bar, 10 cm). d) Open-circuit voltage and  
e) short-circuit current when the car passed forth and back over the deceleration strip. f) Diagram of self-powered landslide monitoring system.
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