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Triboelectric Nanogenerator with Dynamic Electrode for
Geological Disaster and Fall-Down Self-Powered Alarm

System
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Caofeng Pan,* Guowen Meng,* and Fan Xia*

Among numerous sensors and alarm systems for the Internet of Things
(loTs), an alarm system for geological disasters or falls directly relates to the
safety of people’s lives and property. However, the energy supply and complex
signal processing limit their wide application and reliability. As an emerging
new energy technology, triboelectric nanogenerators (TENGs) can be used as
a sensor power supply or even an active self-powered sensor. Unfortunately,
for the existing alarm systems based on TENGs, the signal intensity change
caused by the occurrence of danger is still limited, making the method of
simply judging whether the signal strength exceeds the threshold to alarm not
so reliable. Herein, a dynamic electrode for switching high and low output
voltage is demonstrated. By introducing short-circuit and air breakdown
effects through the novel dynamic electrode, the output voltage of this kind of
device in the trigger state is nearly three orders of magnitude higher than that
in the normal state. Based on the dynamic electrodes, a series of portable and
wearable alarm systems are developed and applied to the fall-down alarm
system and rockfall alarm system. Therefore, this work offers a new strategy
to improve the reliability of alarm systems for geological disasters or falls and
exhibit immense potential in the field of protecting people’s lives and property.

Meanwhile, traditional energy storage de-
vices have aggravated the environmental
and energy crisis. Therefore, the self-
powered sensor systems, which supply
power to the sensors in the I0Ts by recy-
cling renewable energy in the environment,
have attracted more and more attention.
Among many renewable energy sources,
mechanical energy is the most extensive en-
ergy in human and natural environments.
At the same time, triboelectric nanogenera-
tor (TENG) has a series of advantages such
as low cost, lightweight, high charge den-
sity, a wide selection of materials, and flex-
ible structures. Thus, since its invention,
TENG has been considered one of the most
effective solutions to break through the bot-
tleneck of IoTs’ energy supply.!l Specifi-
cally, there are two important branches of
research on self-powered systems based on
TENG. The requirements for TENGs are
different for these two strategies. When
working as power supplies,? it is particu-
larly important and difficult to ensure the
stability of TENGs.>7] On the other hand,

1. Introduction

The energy supply problem of the Internet of Things (IoTs)
is an important reason that restricts its wider application.

when TENGs are directly used as active self-powered sensors,/®!
accurate capture and analysis of the change of TENG out-
put signals with external stimulation is the key to achiev-
ing sensing or alarm.’! For example, TENGs designed with
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modularization and encapsulation have been developed to
adapt to various harsh environments for mechanical energy
harvesting. These TENGs can provide power for various sen-
sors and alarm devices, demonstrating their potential applica-
tion in emergency self-rescue devices.l'! Meanwhile, active self-
powered sensors based on TENG have shown great potential in
many fields closely related to human health. For instance, a self-
powered sensor based on TENG for landslide displacement and
velocity measurements has been successfully demonstrated.['!]
Additionally, there is a report on a self-powered multi-point body
motion sensing network based on full textile structure, aiming at
disease diagnosis and personalized rehabilitation. In order to rec-
ognize subtle differences in various motion postures, a machine
learning algorithm is employed to assist this system.!'?]

Compared with other working principles of alarm systems, it
is simpler and more direct to realize sensing or alarm by judg-
ing the signal intensity. For example, once the signal intensity
exceeds the alarm threshold, the system will directly alarm.!1314]
However, the signal intensity of TENG is easily affected by envi-
ronmental factors. Actually, the alarm threshold of many TENG
alarm systems is equivalent to the intensity of the interference
signal, resulting in a high probability of false alarm. The funda-
mental reason is that the slight stimulus that these systems need
to detect or warn is not enough to cause enough signal inten-
sity changes. The false positives are obviously fatal for applica-
tions directly related to life safety, such as fall-down alarm sys-
tems or geological disaster alarm systems. To resolve this prob-
lem, some researchers employed deep learning from artificial in-
telligence to deeply analyze and mine the characteristics of the
signals.l'>16] However, this indirect method is too complex and
time-consuming. Actually, there is another solution, which is of-
ten ignored due to great difficulty in the implementation. That
widens the difference between the alarm threshold and the in-
terference signal, which means that the output signal needs to
be enhanced to several orders of magnitude even under small
stimulation. Obviously, it is a big challenge to design a universal
strategy that can make different types of devices realize the free
conversion between ultrahigh output and low output, which is
sensitive to the degree of external stimulation.

Herein, a dynamic electrode for switching high and low output
voltage has been demonstrated. Based on this dynamic electrode
and TENGs, a series of portable and wearable gesture monitor-
ing sensors have been developed. By introducing the short-circuit
and air breakdown effects through the novel dynamic electrode,
the output voltage of this kind of device in a specific state is nearly
three orders of magnitude higher than that in the normal state.
In consideration that fall is the most likely reason for old people
to obtain traumatic brain injuries,['”] and rockfall or landslides
are common and harmful geological disasters,!'®] this kind of de-
vice is applied to the fall-down alarm system as well as a rockfall
warning system and achieved successful detection.

2. Results and Discussion

Figure 1a shows the application of the developed fall-down or
rockfall alarm with dynamic electrode structure in the IoTs sys-
tem to protect personal safety. Figure 1b shows a schematic di-
agram of the dynamic electrode and the corresponding simpli-
fied device. The dynamic electrode is composed of an I-shaped
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rivet made of Cu, spring, and sponge. The polytetrafluoroethy-
lene (PTFE) ball rolls back and forth between two Cu electrodes,
one of them is equipped with the dynamic electrode. Because Cu
is more triboelectrically positive than PTFE, electrons will trans-
fer from the Cu electrode to the surface of the PTFE ball. Thus,
when they contact with each other, the negative charges will ac-
cumulate on the PTFE surface. These triboelectric charges on the
PTFE ball are nonmobile and could sustain on the surfaces for a
long period of time. When the ball rolls from right to left but does
not touch the dynamic electrode, the free electrons of the left Cu
electrode cannot flow to the right through the external circuit to
neutralize the positive charge. When the ball continues to roll and
collide with the dynamic electrode, the I-shaped rivet will con-
tact and get short-circuited with the lower Cu by compressing the
sponge. As a result, the free electrons in the left electrode quickly
flow to the right electrode. When the ball rolls in the opposite
direction, the dynamic electrode and the Cu electrode slowly re-
turn to the open circuit state through the rebound of the sponge.
Even when the PTFE ball rolls onto the right Cu electrode, the
distance between the dynamic electrode and the lower Cu elec-
trode is still very small, resulting in a great electric field between
them. Therefore, the breakdown effect occurs, which makes the
electrons return and neutralize the positive charge on the left Cu
electrode. When the PTFE ball rolls in a small range and does not
touch the dynamic electrode, the device works in the single elec-
trode mode and the output voltage is low. Figure S1 and Movie
S1, Supporting Information shows the switching of output be-
tween high and low voltages as the motion range of the PTFE
ball changes.

After demonstrating that the dynamic electrode could realize
high and low-voltage switching, it has been extended to other sys-
tems to further understand the mechanism and expand its ap-
plications. Figure 2a shows the smart bracelet with the dynamic
electrode as an output performance switching component. Over-
all, the bracelet consists of a 3D-printed hollow circular tube (two
half parts) and electrodes, as well as PTFE balls and a novel dy-
namic electrode. As a common wearable device, the bracelet has
been combined with TENGs. However, most of the current en-
ergy harvesting bracelets focus on the combination of dual elec-
tromagnetic and TENG to obtain better output performancel’-21l
rather than gesture monitoring. By introducing a dynamic elec-
trode, the smart bracelet shown here can switch different output
modes under different motion amplitudes.

Figure 2 and Movie S2, Supporting Information show the out-
put performances and corresponding mechanisms of the smart
bracelet under different working modes. When the movement
amplitude is small, the dynamic part cannot be triggered, only
the right electrode is involved in the operation of the device, while
the left electrode is an open circuit. Thus, the bracelet can be re-
garded as working in single-electrode mode (Figure 2b). Specif-
ically, when the PTFE ball slides against the Cu electrodes with
surfaces in contact, the positive and negative charges are formed
on the Cu electrodes and the PTFE ball surface, respectively.
Then, when the PTFE ball slides towards the right-hand elec-
trode (RE), to screen the local field of the nonmobile negative
charges on the PTFE ball surface, electrons will flow from the RE
to the ground electrode via the load (Figure 2b-ii). When the PTFE
ball reaches the overlapping position of the RE, a new balance is
achieved (Figure 2b-iii). Subsequently, when the PTFE ball moves
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Figure 1. Application scenario and mechanism of the self-powered alarm systems. a) Application scenario of self-powered rockfall alarm system and
fall-down alarm system with the high voltage trigger device for personal and property protection. b,c) Schematic diagram of the high voltage trigger
device for realizing high voltage output based on short circuit effect and air breakdown effect.

from the RE to the left-hand electrode (LE), electrons are forced
to flow in the opposite direction (Figure 2b-iv). In the whole pro-
cess, the dynamic control device on the left side is not triggered
due to the small amplitude of the movement. Therefore, when
the ball rolls to the left side, there is no corresponding electri-
cal output. The corresponding output performance is shown in
Figure 2b, in which the open-circuit voltage could reach 2.5V,
and the short-circuit current reaches 0.2 pA.
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Interestingly, when the amplitude of motion is relatively large,
the dynamic part will be triggered, accompanied by a high out-
put signal. As shown in Figure 2c, the open circuit voltage can
reach an impressive ~#800 V and the short circuit current can
reach about 7 mA. Combined with the schematic (Figure 2c),
the reason for the high output can be explained as follows. Simi-
larly, before entering the stable working state shown in the figure,
the PTFE ball and the Cu electrode come into physical contact to
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Figure 2. Working mechanism and performance characterization of the smart bracelet with the high voltage trigger element. a) Schematic diagram of
the fabricated smart bracelet for energy harvesting and gesture monitoring. b) The working mechanism and corresponding output performance of the
smart bracelet when the movement amplitude is small. ¢) The working mechanism and corresponding output performance of the smart bracelet when
the movement amplitude is large. d) Real images of the “SOS” symbol composed of 47 LEDs lightened by increasing the swing range of the arm wearing

the smart bracelet.

create triboelectric charges, with the PTEF ball negatively charged
and the Cu electrode positively charged according to the tribo-
electric series. In the stable working state, the electrical signal
generation process can be divided into four stages. In stage I,
Cu-l (the I-shaped rivet) is apart from Cu electrode Cu-II, they

are insulated from each other. Negative charges are preserved on
the surface of the PTFE ball and positive charges are distributed
in Cu-II and Cu-III. When the PTFE ball rolls over Cu-I, under
the pressure of the rolling PTFE ball, Cu-I will contact and get
short-circuited with Cu-II by compressing the sponge (stage II).
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By establishing a lower potential in Cu-II, the negative charges
on the surface of the PTFE ball will induce positive charges in
Cu-III to transfer to Cu-II through an external load and Cu-I un-
til the potential difference disappears. After the PTFE ball rolls
through the dynamic part, the resilience of the sponge will first
make Cu-I separate from Cu-II which will cut off the original
circuit to prevent positive charges from flowing back to Cu-III.
Thus, when the separation of the PTFE ball from the Cu-II es-
tablishes a potential difference again, the positive charges still
remain in Cu-II (Figure 2c-iii). This would cause an increase in
the electric field intensity between Cu-I and Cu-II, which will in-
duce air breakdown.?22*] Such breakdown induces an ionized
air channel between these two electrodes, allowing the positive
charges to transfer back partly to Cu-IlI, as shown in stage IV.
Then the device will restore to the state depicted in stage I.

In order to further prove that the ultra-high output is caused
by the dynamic electrode, a bracelet with two symmetrical elec-
trodes without a dynamic part was prepared for comparison.
As shown in Figure S2, Supporting Information, the negatively
charged PTFE ball rolls inside the hollow tube over the Cu
electrodes resulting in the charge flow among two electrodes
in order to keep the charge equilibrium state. As shown in
Figure S2b, Supporting Information, the open circuit voltage can
reach 40 V and the short circuit current can reach about 0.5 pA
(Figure S2c, Supporting Information). Although the peak value
of the open circuit voltage or short circuit current generated by
a smart bracelet with a dynamic electrode is several hundred
times higher than that of a two-electrode mode bracelet, there
transferred charges are similar (Figure S2d, Supporting Infor-
mation). This shows that the device with dynamic control de-
vice does not increase the amount of transferred charges, but
makes the charge transfer more quickly by short circuit and air
breakdown effect.

The output performance changes caused by different mo-
tion amplitudes can be directly utilized in gesture monitoring.
As shown in Figure 2d and Movie S3, Supporting Informa-
tion, by increasing the swing range of the arm the characters
“SOS” consisting of 47 green serially connected LEDs can be
lit directly. The distress signal is so clear that it can be clearly
identified even outdoors, showing its potential for application
in emergency situations. In addition, once this designed sys-
tem is equipped on life vests, a great deal of expense and time
can be saved on inspection and maintenance of power supplies,
which is ideal for survival equipment or labor protection equip-
ment that prepare for unpredictable small probability event or
outdoor work.

After understanding its working mechanism, the bracelet pa-
rameters were discussed more quantitatively. Firstly, the effects
of PTFE balls’ size on the performance of the smart bracelet have
been illustrated. The size of the PTFE balls can significantly af-
fect both the contact area during friction and the speed of con-
tact with the dynamic electrode, thereby impacting the perfor-
mance of the smart bracelet. Specifically, a comparative experi-
ment was conducted using seven PTFE balls with different di-
ameters (Figure S3, Supporting Information). Considering the
diameter of the internal space (20 nm) and the protruding part
of the dynamic electrode, the maximum diameter chosen for the
PTFE ball was 18 mm, which corresponded to the highest per-
formance of the bracelet in terms of output. However, due to the
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crowded space, it is challenging to ensure that the PTFE ball (di-
ameter = 18 mm) smoothly passes through the dynamic elec-
trode every time, resulting in non-uniform signals. In contrast,
the PTFE ball with a diameter of 16 mm produced a more uni-
form output signal. However, when the PTFE ball size was re-
duced to 10 mm or even smaller, the decrease in mass made it
difficult to trigger the dynamic electrode. As a result, the output
signal became too weak to ensure normal operation and output
voltage. Secondly, the spacing between internal Cu electrodes on
the performance of the device has been investigated. As shown
in Figure S4, Supporting Information, by symmetrically reducing
the size of the Cu electrodes, the distance between the Cu elec-
trodes on the left and right sides is increased from 1 to 16 cm.
Although the corresponding devices can still function properly,
the output voltage is decreased with the increased distance be-
tween the Cu electrodes (Figure S4, Supporting Information).
This is mainly due to the reduction in the friction-generated
charge caused by the reduced surface area of the Cu electrodes.
Thirdly, the influence of the number of PTFE balls on the output
performance of the bracelet has been studied. With the increase
of the number of PTFE balls from 1 to 6, the open circuit voltage is
increased from about 800 to 2000 V (Figure 3a). Accordingly, the
corresponding transferred charge is increased from around 10 to
~50 nC (Figure S5, Supporting Information). More interesting
details can be seen in the enlarged view (Figure 3b). Because the
positive pole of the oscilloscope is connected with the I-shaped
rivet during the test, the negative voltage signal is caused by the
short circuit effect, and the positive voltage signal is caused by
the air breakdown effect. In a working cycle, the number of neg-
ative voltage peaks increases as the number of balls increases.
However, the number of positive voltage peaks did not show a
similar change with the increase in the number of PTFE balls.
Through the above mechanism explanation, this result can be
well explained. The reason why the number of negative voltage
peaks increases with the increase in the number of balls is that
the negative voltage is caused by the short-circuit effect, and the
short-circuit effect only occurs when each ball collides with the
trigger part. Thus, the number of negative voltage peaks is con-
sistent with the number of balls. However, the positive voltage
signal is caused by the air breakdown effect. That means it is not
directly controlled by the number of PTFE balls. The threshold
voltage for air breakdown between two parallel plates is described
by Paschen’s law. [5-27]

Apd

Vo= In(pd) + B

1)

where V), is the threshold breakdown voltage, p is the pressure, d
is the gap distance between the boards, and A and B are constants
related to the gas composition and pressure.

The voltage drop across the air gap V,;, can be defined as Equa-
tion (2).

oS
Vair = m (2)

where o stands for the surface charge density, S is the area of

the capacitor plate, and C(d) is the capacitance between two
electrodes. For a given d, the V, can be obtained according to
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Figure 3. Characterization of the smart bracelet. a) The open circuit voltage of the smart bracelet with the increase of the number of PTFE balls from 1to
6. b) Enlarged view of the output voltage signals within the dashed box in Figure 3a. c) The measured voltage of a commercial capacitor (1 uF) charged
by the smart bracelet with the increase of the number of PTFE balls from 1 to 6. d) Experimental setup for quantitative characterization of high voltage
triggering conditions of intelligent ring devices. e—g) The output voltage of the device changes with the swing amplitude of the ball for collision, when
the angle between the trigger element and the z-axis is 90°, 60°, and 30°, respectively.

Equation (1), and the V,;, under different surface charge density
can be acquired according to Equation (2). Thus, it can be seen
that the air breakdown phenomenon occurs only when the sur-
face charge density greater than a critical value ;.

Back to the bracelet system, as shown in Figure 2c-iii,iv, when
negatively charged PTFE balls are separated from Cu-II one by
one and rolled to Cu-III, the surface charge in the equilibrium
state is separated again gradually, and the surface charge density
of Cu-II will continue to rise until the critical value (o) is reached
and air breakdown occurs. The surface charge density decreases
rapidly due to air breakdown. Then, when the subsequent PTFE
ball continues to roll from Cu-II to Cu-III, the surface charge
density continues to accumulate again until the next breakdown
occurs. That is to say, not every ball’s movement will cause air
breakdown. In addition, the charge on each PTFE ball is difficult
to be exactly the same, and the time or area of contact with the
electrode is also affected by the specific situation. Therefore, the
number of positive voltage peaks is relatively random.

Through rectification of the alternating output, the direct out-
put can be stored in energy storage devices such as capacitors. As
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shown in Figure 3c, the capacitor (1 pF) is charged by the bracelet
with different number of PTFE balls. Within 30 s, the capacitor
can be charged to 1.2 V by the smart bracelet with one PTFE ball.
When the number of PTFE balls increases to 6, the capacitor (1
uF) can be charged to 5 V in 30 s. Meanwhile, the charging status
of a series of capacitors with different capacitances by this device
is displayed in Figure S6, Supporting Information. As an appli-
cation, we demonstrated that this bracelet can charge a capacitor
(10 uF) and then power an electronic watch. As shown in Figure
S7, Supporting Information, in 70 s, the voltage of the capacitor
reaches around 2.0 V and can later power the watch for more than
10 s. Subsequently, the capacitor can be charged back to 2.0 V in
about 40 s and then can power the watch repeatedly. This shows
its potential as a power source for electronic devices. At the same
time, through the test under different environmental humidity
conditions, it can be found that the output voltage of the bracelet
can still reach about 360 V even when the relative humidity is as
high as 85%. This is a great advantage for the bracelet whether
it is used as a power supply or a self-powered sensor (Figure S8,
Supporting Information).
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Figure 4. Application of intelligent ring device in self-powered rockfall alarm system. a) Experimental setup for quantitative characterization when the
intelligent ring device is used as a self-powered rockfall alarm system. b—d) The output voltage of the self-powered rockfall alarm system changes with
the impact area, when the mass of the ball is 50, 100, and 200 g, respectively. e) Statistics of device alarm times for 10 consecutive collision tests of
balls with different weights against different areas. f,g) Experimental setup and scenario for the outdoor test of the self-powered rockfall alarm system.
h,i) The alarm system sends an alarm to the mobile phone after the stone fence is hit by rolling stones.

In view of the sensitivity of the device to different vibration
amplitudes, we plan to apply it to the early warning of geologi-
cal disasters such as landslides or rockfall. But before that, the
triggering conditions of the high voltage signal need to be quan-
titatively characterized. To this end, we built the test system as
shown in Figure 3d and adjusted the kinetic energy of the small
ball when it collided with the smart bracelet by controlling the
amplitude of the swing of the small ball, so as to obtain the
critical condition for triggering the high voltage. As shown in
Figure 3e, when the included angle 6 between the trigger ele-
ment and the z-axis is 90°, the small ball needs a large kinetic
energy to collide with the trigger element. Therefore, the criti-
cal amplitude angle for triggering the high voltage in this case
is 55°. Meanwhile, as the judgment basis of trigger, a high neg-
ative signal that is almost impossible to be misjudged is gen-
erated. As shown in Figure 3f,g, by further adjusting the value
of angle 6, the amplitude angle at which the high voltage sig-
nal is triggered can be adjusted. For example, when the an-
gle 6 is 30°, the critical amplitude angle required for triggering
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falls to 40°. In other words, the sensitivity of the sensor can be
adjusted.

In the above experiment, the small ball as the mechanical en-
ergy input directly collides with the device. Obviously, the prob-
ability of this situation is very small for real situations such as
rockfalls or landslides. Therefore, experiments closer to the real
situation were carried out to study the high voltage signal trigger-
ing or alarm response when the device was not directly impacted
(Figure 4a). It can be seen that the net of 0.6 m? is evenly divided
into nine areas, and the bracelet is located in the center of the net.
Then, small balls of different weights are rolled down along the
acrylic tube with a fixed length (65 cm) and inclination angle (30°)
to impact different areas of the net, and the generated electrical
signals are recorded. It can be seen that the signals in areas 5 and
8 are stronger when a small ball with a mass of 50 g is used for
impact (Figure 4b). When the mass of the small ball increases,
the signal of each area is enhanced. For example, when the mass
of the small ball is 200 g, the negative part of the electric signal
generated in each impact area exceeds —200 V (Figure 4d).
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Figure 5. Applications of the fall-down alarm system. a) Schematic diagram of the fall-alert system which is wearable or part of an intelligent crutch.
b,c) The output performances of the fall-down alarm system in the case of normal walking and falling. d,e) Application demonstration of the fall-down
alarm system combined with a crutch or as a wearable device. f) Illustration of a fall-down alarm system for healthcare monitoring and early warning.

In the above cases, it can be noted that the generated electrical
signals exceed the detection range of the voltage of the single-chip
microcomputer. Therefore, the simple voltage dividing method
as shown in Figure 4a is adopted, so that the voltage detected by
the single-chip microcomputer is only a small part of the voltage
generated by the bracelet. For example, when R, is 60 Q and R,
is 4.7 kQ if the voltage of the single-chip microcomputer alarm
is 2'V, the voltage generated by the corresponding bracelet needs
to exceed 159 V. The significance of this is that the real environ-
ment is very complex, to avoid false alarms, the sensor sensitivity
should not be too high. For example, the trigger voltage of 159 V
almost eliminates the possibility of false alarms caused by small
disturbances. Meanwhile, by simply adjusting the ratio of R, and
R,, the trigger voltage provided by the bracelet can be adjusted
according to the sensitivity requirements of different application
scenarios. At the same time, due to the limited accuracy of the
test equipment and the complex interaction of the ball, the net
and the bracelet, the reference value of the electric signal given
here is limited. Therefore, a more valuable experiment was car-
ried out, that is, each area was repeatedly tested 10 times and the
number of times the alarm was triggered was recorded. It can be
seen from the figure that when the ball mass is 50 g, the alarm
rate is high in only a few areas, which is basically consistent with
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the trend of electric signal data. Accordingly, when the ball mass
is 200 g, all areas can achieve 100% alarm (Figure 4e and Movie
S4, Supporting Information).

Then, the performance of the device is verified in a more real-
istic geological disaster scenario. As shown in Figure 4f,g, the de-
vice is fixed on the slope stone fence network to alarm for falling
rocks. From Movie S5, Supporting Information, it can be seen
that as the falling rocks roll down and hit the stone fence and
trigger the sensor, the mobile phone will soon receive the corre-
sponding alarm signal (Figure 4h,i). What is more, the system
can give an alarm for small or large stones, whether they collide
with the net or the crossbar of the fixed net. This greatly guaran-
tees the reliability of the system.

Then, in order to verify the universality of the high volt-
age signal triggering principle, a fall-down alarm system for el-
derly people has been developed (Figure 5a). The delay of im-
mediately informing the relatives or hospital staff after trip-
ping is the main reason for further complications, and possi-
bly death caused by fall.[2®] Therefore, a portable self-powered
real-time fall-down alarm system based on TENG was demon-
strated to respond to this issue. Figure 5b,c shows the output
performance of the fall detector in case of normal walking and
falling. When walking normally, the output voltage is about 2 V,
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while when falling, it can produce a voltage higher than 200 V.
The signal strength is enhanced by nearly two orders of mag-
nitude. However, in the existing devices, the difference is only
a few times, or the waveform of the signal needs to be deeply
analyzed.!?!

The corresponding mechanisms of the fall-alert microsystem
in different working modes have been shown in Figure S9, Sup-
porting Information. The PTFE ball and the electrodes are un-
charged at first, static charges are then introduced by the tribo-
electrification effect when they are in physical contact. As shown
in Figure S9a, Supporting Information, the PTFE ball rotates at
the bottom of the TENG, while normal walking and only the bot-
tom electrodes (BEs) Cu-I and Cu-II are involved in the opera-
tion of the device. Specifically, when the PTFE ball slides against
the Cu electrodes with surfaces in contact, the triboelectric effect
will make the PTFE surface with negative charges, and the Cu-I
electrode with positive charges (Figure S9a-i, Supporting Infor-
mation). Meanwhile, a potential difference will be constructed
between Cu-I and Cu-II electrodes. Then, when the PTFE ball
slides away from the Cu-I electrode to the Cu-II electrode, the
positive charges will flow from the Cu-I to the Cu-II via the load
to keep the electrostatic balance (Figure S9a-ii, Supporting Infor-
mation), until the PTFE ball is in full contact with Cu-II electrode
(Figure S9a-iii, Supporting Information). Then, a backward slid-
ing of the PTFE ball from the Cu-II electrode to the Cu-I electrode
should drive the flow of the positive charges from the Cu-II to Cu-
I, forming a reverse current in the load (Figure S9a-iv, Supporting
Information). The corresponding output performance is shown
in Figure S9b, Supporting Information, in which the open-circuit
voltage could reach 3.8 V, and the short-circuit current reaches
0.1 pA.

Figure S9c,d, Supporting Information shows the correspond-
ing mechanisms and electrical performance of the fall detector
in case of falling. The working mechanism of high output is sim-
ilar to the bracelet. Combined with the schematic (Figure S9c,
Supporting Information), the mechanism is explained as follows.
Similarly, before entering the stable working state shown in the
figure, the PTFE ball and the Cu electrode contact to generate
triboelectric charges, with the PTFE ball negatively charged and
the Cu electrode positively charged according to the triboelectric
series. When walking normally, the Cu-1V is apart from the Cu-
IIT electrode, and negative charges are preserved on the surface
of the PTFE ball and positive charges distribute in the Cu elec-
trode at the bottom (Cu-I and Cu-II) of the TENG (stages I and
II). When falling, Cu-IV will contact with the PTFE ball, then get
short-circuited with Cu-III by compressing the sponge. By creat-
ing a lower potential in Cu-III, the negative charges on the sur-
face of the PTFE ball will induce positive charges in BE to transfer
to Cu-III through an external load and Cu-IV until the potential
difference disappears (stage III). When the ball moves back and
is no longer in contact with Cu-IV, the resilience of the sponge
will first make Cu-IV separate from Cu-III as will cut off the orig-
inal circuit to prevent positive charges from flowing back to BE.
Thus, when the separation of the PTFE ball from Cu-III estab-
lishes a potential difference again, the positive charges still re-
main in Cu-III. This would cause an increase in the electric field
intensity between Cu-III and Cu-IV in further separation, which
will induce air breakdown. Such breakdown induces an ionized
air channel between these two electrodes, allowing the positive
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charges to transfer back partly to BE (stage IV). Then the device
will restore to the state depicted in stage I. Similarly, by control-
ling the device with a hand to simulate the process of falling, it
can be seen that the corresponding output performance open-
circuit voltage could reach around 400 V, and the short circuit
current reaches around 3 mA (Figure S9d, Supporting Informa-
tion). More importantly, this high output signal can only be trig-
gered when the device is turned over 90°, which greatly reduces
the possibility of false touch. By controlling the device with a hand
to simulate the process of walking and falling, it can be seen that
the repeatability of the device is very good (Movie S6, Supporting
Information).

At last, a relatively complete fall-down alarm system has been
demonstrated. As shown in Figure 5d,e, the alert system includes
three parts: i) Monitoring the movement state: TENG with dy-
namic electrode serves as a fall detector to generate a high voltage
signal when someone falls down,; ii) signal process and commu-
nication: a microprocessor with a Bluetooth module was used to
receive and process electrical signals and send information; iii)
remote terminal, such as cellphone or other portable electron-
ics, to receive the emergency message of falling down (Movies S7
and S8, Supporting Information). Through the general network
and intelligent terminal, family members and hospitals were in-
formed promptly when the wearer fell (Figure 5f). The system
is expected to be widely applied in online monitoring and home
health care.

3. Conclusion

Here, we showed a dynamic electrode that can make the out-
put voltage of the TENG switch freely between high and low
voltages. Then, we demonstrated a TENG-based smart bracelet,
rockfall alarm system, and intelligent crutch with dynamic elec-
trodes. Under normal conditions, they can be used to recover
the mechanical energy generated by human movement to power
electronic manufacturing. Meanwhile, in the case of large move-
ment, the short-circuit effect and air breakdown effect caused
by triggering the dynamic electrode produce signals several
orders of magnitude higher than usual. Therefore, these de-
vices can be used as gesture monitoring, rockfall alarms, or
fall-down alarm systems. All of the above show its remark-
able potential for geological disasters or fall-down alarm ap-
plications in a reliable, simple, convenient, and inexpensive
manner.

4. Experimental Section

Fabrication of the Smart Bracelet: A hollow bracelet (two half parts,
20 mm inner diameter and 1.5 mm thickness) was fabricated by using
a 3D printer (Form 3, Formlabs) with photoinduced polymeric resin as
the material. The diameter of the middle part of the bracelet was set to
65 mm. A small round hole (5 mm in diameter) was reserved on the outer
wall of the bracelet for installing the dynamic electrode device. Two copper
films (60 um thickness) were pasted on both sides of the inner wall of the
bracelet as the electrode and the friction layer. The distance between the
two copper films was about 1cm, and the round hole was in the middle of
the copper film on one side. In order to prepare the dynamic electrode, the
I-shaped rivet was installed in the round hole. Two ends of the rivet were
respectively inside and outside the hollow bracelet. The inner part was
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separated from the copper film by a sponge, and the outer part was sep-
arated from the shell of the bracelet by a spring. The bracelet was sealed,
after putting the PTFE ball into it. Seven different diameters (18, 16, 15,
12.7, 10, 8, and 5 mm) of PTFE balls were selected for testing. The dis-
tance between the left and right Cu electrodes in the bracelet was tested
by gradually adjusting from 1 to 16 cm. All the parts and materials are
clearly illustrated in Figure 2.

Fabrication of the Fall-Down Alarm System: The polyethylene tereph-
thalate (PET) soft plate (0.5 mm thickness) and the upper and lower cover
were used as materials to make a hollow cylinder (3.5 cm inner diameter
and 6 cm height). Three pieces of copper films were pasted inside the hol-
low cylinder as triboelectric materials and electrodes. Two of them were
symmetrically distributed on the inner wall of the cylinder, and the other
one was located on the inner surface of the top cover (Figure S9, Sup-
porting Information). The dynamic electrode was placed on the top cover.
A PTFE ball (22 mm in diameter) was placed into the cylinder before en-
capsulation. All the parts and materials are clearly illustrated in Figure S9,
Supporting Information.

Characterization: The open-circuit voltage of the TENG was measured
using a digital phosphor oscilloscope (MSO 2024B, Tektronix, Inc., Beaver-
ton, OR, USA) and the electrical measurements were measured using a
low-noise current preamplifier (model no. SR570, Stanford Research Sys-
tems, Inc., Sunnyvale, CA). The charge transfer from the output signals
was measured using an electrometer (Keithley 6514, Cleveland, OH, USA).
A Bluetooth module (HC-06, HC-IT, China) was used for the fall warning
systems.

Supporting Information

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