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ABSTRACT: In challenging and dangerous equestrian sports, kinematic
analysis and injury prevention based on distributed, portable, and real-time
sensing technology is particularly important. Here, we report a ﬂexible selfrebound cambered triboelectric nanogenerator that addresses the concerns
and shows its applications for self-powered sensing in kinematic analysis.
Beneﬁting from simple and eﬀective design, ordinary materials by means of
self-rebound cambered structure evolved into a micro-biomechanical
energy harvester with mechanical properties including over 3000 cycles
durability and superior resiliency and stability. At a size of 4.52 cm2, it
could deliver a power density of 1.25 mW/m2 under an external load
resistance of 60 MΩ. A self-powered riding characteristic sensing system
has been developed with fast response time of 16 ms, to provide real-time
statistics data and fall prediction for both horsemen and coaches, to take
traditional equestrian sports to a advanced state. This work not only can
promote the development of triboelectric nanogenerators in micro-biomechanical energy harvesting, but also could expand
the application range of the self-powered system to intelligent sport monitoring and assisting.
KEYWORDS: self-powered sensing, triboelectric nanogenerator, self-rebound, safety prejudgment, kinematical analytics
environmental pollution in the process of sports.15−19 So, it is
highly desirable to develop a maintenance-free and sustainable
sensing technology that is matched to application requirements.20,21
The triboelectric nanogenerator (TENG) was invented by
Z. L. Wang in 2012, based on coupling the eﬀects of contact
electriﬁcation and electrostatic induction,22−27 has been
developed into a pioneering technology for converting
mechanical energy into electricity, and has the typical
advantages of high eﬃciency, low cost, simple structure,
lightweight, and diverse material options.28−30 TENGs based
on four basic working modes have been demonstrated and
have comprehensive applications in mechanical energy
harvesting (including wind, water wave, human activities,

INTRODUCTION
With the rapid development of modern society and economy,
in the era of he Internet of things (IoTs), big data collection
and analysis based on distributed, portable, and real-time
sensing technology is particularly important.1 The sports ﬁeld
has also undergone revolutionary changes driven by technical
advances and is reaching at a genuine digital, intelligent, and
network age.2,3 The contents include health data, training
statistics, kinematic analytics, competition assistance and safety
prediction, and information communication. Sports data is
very important for athletes4,5 and is becoming an indispensable
means for winning competitions because it can not only collect
important information such as sports time,6 frequency,7 and
speed8 but also intuitively know the state of the athletes
through this information.9 Usually, real-time data acquisition
and monitoring of sport states relies on widely distributed
sensors,10,11 which are generally powered by various conventional batteries (including button cell, dry cell, and lithium-ion
batteries).12−14 But in certain circumstances, the existing
technologies present diﬃculties achieving the goals, such as
need for ﬂexibility, portability, and durability and to avoid
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Figure 1. Structure design and schematic of SRC-TENG. (a) Overview of the smart saddle assembled on a horse to collect information and
harvest energy. (b) Exploded view of structure design of the SRC-TENG. (c) Detailed structure information on the SRC-TENG. (d)
Schematic illustration of SRC-TENG applied on the saddle and simulation diagram for the force distribution of the saddle using the
COMSOL software. (e) Photographs of the SRC-TENG device. (f) Photograph of seven TENG units assembled on the saddle.

contact area of 4.52 cm2, the stable and durable SRC-TENG is
capable of outputting a power density of 1.25 mW/m2 under
an external load resistance of 60 MΩ. An integrated SRCTENG array can be utilized as both micro-biomechanical
energy harvester and self-powered sensing system in kinematic
analytics. Meanwhile, this device possesses other merits such as
fast response speed (16 ms), small volume (diameter of 40 mm
and height of 5 mm), low weight (4 g), and cost-eﬀective
production. By integration of a SRC-TENG array on a smart
saddle, a self-powered riding characteristic sensing system,
which can perform real-time data statistics and safety
prediction with fast response time of 16 ms for both horsemen
and coaches, was further developed. The successful demonstration of the SRC-TENG applied in a smart saddle can not
only promote the development of TENGs in microbiomechanical energy harvesting and sensing but also provide
a possibility for self-powered systems in competitive sports,
intelligent athletic facilities, and sport safety.

etc.), which can provide a sustainable power source for lowpower electronics. In addition, TENGs can also operate as
active sensors by directly converting mechanical stimuli (such
as pressure, gentle touch, motion, or sound waves) to electrical
signals, which is vital for developing maintenance-free selfpowered sensing systems without an external power
source.31−33 Therefore, the promising TENGs can be a highly
eﬀective power supply technology for IoTs, sensor networks,
robotics, man−machine interface, and artiﬁcial intelligence,
where large amounts of distributed electronic devices should
be applied. In the challenging and dangerous equestrian sports,
kinematic analysis and injury prevention, which can possibly
provide real-time statistical data and fall prediction for both
horsemen and coaches, are particularly important. However,
the mechanical properties and adaptability of conventional
sensing technology are unsatisfactory for the intense
sports.34,35 Therefore, an eﬀective solution that can improve
the inadequacies of structure by rational design for fabricating
a highly matched TENG, is superior for developing human
adaptable, portable, and real-time self-powered sensing
systems.
We propose a simple and eﬀective design for fabricating a
self-rebound cambered triboelectric nanogenerator (SRCTENG) with excellent mechanical properties. With an eﬀective

RESULTS AND DISCUSSION
Structural Design and Working Mechanism. As a
micro-biomechanical energy harvester, the SRC-TENG has
great potential for building self-powered sensing systems,
which can be combined with a variety of existing sports
B
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Figure 2. Working principle of the SRC-TENG. (a) Photographs illustrating the deformation process of the device. (b) Working mechanism
of the SRC-TENG under vertical contact-separation mode. (c) 3D illustration of the working mechanisms of the TENG under external force.

Figure 3. Electrical output performance of SRC-TENG. (a) Transferred charge, (b) short-circuit current, and (c) open-circuit voltage of
SRC-TENG with various triboelectric layer materials. (d) Open-circuit voltage and (e) short-circuit current of the TENG with various
pressing frequencies. (f) Mechanical durability characterization of the TENG unit with over 3000 continuous working cycles.

equipment such as the saddle. Figure 1a shows a conceptual
schematic illustration of the smart saddle with some characteristics such as harvesting micro-biomechanical energy and a selfpowered sensing system for kinematic analytics and safety
prediction. The SRC-TENG array can be assembled on the
surface of the saddle in order to accurately distinguish the
pressure areas of the saddle and make better contact. An
exploded view of device is shown in Figure 1b. A cambered
rubber cover made of thermoplastic polyurethane (TPU) with
40 mm diameter acts as the top layer, having good mechanical
properties and excellent ﬂexibility. A copper electrode layer is
attached to it, a ﬂuorinated ethylene propylene (FEP, thickness
of 80 μm) thin ﬁlm was employed as the top triboelectric layer
and stuck on the copper electrode, which has strong tendency
to gain electrons. The substrate was fabricated of a thin acrylic
plate (thickness of 1 mm) made with a laser cutter and
integrated tightly with the cambered cover, so that it can well
adapt to diﬀerent equipment because of the adaptable rigidity.
An Al ﬁlm was attached to the acrylic substrate and was used
both as another triboelectric layer and as an electrode. The
structure design and detailed parameters of the device can be

seen in Figure S1. The self-rebound cambered cover with
characteristics of ﬂat top and cambered sides is graphically
illustrated in Figure 1c. The ﬂat top can make suﬃcient contact
between the two triboelectric layers, and the cambered sides
can make the device recover from deformation quickly by itself
in an extensive pressure range when the pressure is removed.
The four vent holes around the cambered surface maintain the
pressure balance of device. The overall design not only is
simple in structure, easy to manufacture, and small in size, but
also possesses excellent mechanical robustness to make the
device more reliable and durable for long-term functioning in
outdoor activities. The SRC-TENG has great potential for
building a self-powered sensing system in sports equipment.
Taking equestrian sports as an example, the SRC-TENG can
be applied to fabricate a smart saddle. Due to the excellent
structure, resulting in a response time of 16 ms, the resolution
of SRC-TENG is at the same level as traditional small wired
motion sensors, but it has advantages of lower energy
consumption, lighter weight, and easy installation for a selfpowered sensing and safety prediction system. As shown in the
simulation diagram in Figure 1d, the SRC-TENG sensor array
C
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Figure 4. Electrical characterization of the TENG. (a) Transferred charge, (b) open-circuit voltage, and (c) short-circuit current of SRCTENG with diﬀerent applied forces. (d) Short-circuit current of SRC-TENG in diﬀerent accelerations. (f) Peak power density and (e)
measured output current and voltage on diﬀerent external loading resistances. (g) Single unit, (h) three unit, and (i) ﬁve unit charging
performance of the TENGs in diﬀerent capacitors.

equilibrium. When the top cover is compressed again to get
close to the substrate, the whole process will happen
repeatedly, and an alternating current will be generated. The
continuous operation of the SRC-TENG relies on compressive
deformation and self-rebound of the shape. The 3D illustration
is depicted in Figure 3c: during this motion cycle, the periodic
alternating current will be generated with continuous contact
separation movement. A theoretical study of a SRC-TENG has
been carried out by means of ﬁnite element method in
COMSOL software (Figure S2a). The result shows that the
potential distribution changes with the distance between the
two triboelectric layers, which is consistent with the previous
argument. In addition, the typical electric signals of output
voltage, current, and transferred charges in the motion
processes are exhibited in Figure S2b−d.
Performance. The output performance of the SRC-TENG
was demonstrated with a computer-controlled linear motor for
all the tests, which can simulate various compression motions.
We investigated the inﬂuence of the material of SRC-TENG at
frequency of 2 Hz; several kinds of materials were used to
fabricate SRC-TENGs. Figure 3a−c shows the output
performance of the transferred charges (Qsc), short-circuit
current (Isc), and open-circuit voltage (Voc) with diﬀerent
materials (FEP, polytetraﬂuoroethylene (PTFE), polyimide
(PI), and nylon) when other experimental conditions remain
the same. The experiment proves that output performance is
related to the divergent surface electron aﬃnity: FEP is a more
tribonegative material and has higher aﬃnity to electrons,
whereas nylon is a more tribopositive material. It can be

simulates the potential distribution according to the pressure
when a person sits on the saddle; through this we can know the
state of the rider immediately while riding, which is signiﬁcant
for sports equipment and training. Figure 1e presents
photographs of the device at diﬀerent angles and photographs
of a saddle assembled with the SRC-TENG array on the
surface are exhibited in Figure 1f.
The working mechanism of the SRC-TENG is based on
coupling the eﬀects of triboelectriﬁcation and electrostatic
induction. When the SRC-TENG is pressed by an external
force, the cambered cover will deform and bend. The
photograph in Figure 2a presents the good compressibility of
device. The energy generation process is shown in Figure 2b:
When an external force is applied on the rubber cover, the two
triboelectric layers are close to each other; due to the
diﬀerence in triboelectric sequences, the same amount of
charges with opposite polarities will be induced on the two
electrodes, the electriﬁcation process occurs at the interface, a
higher potential will be generated on the top electrode, and
electrons will transfer from the aluminum electrode to the
copper through the external circuit to counteract the potential
diﬀerence, generating the current. When the two triboelectric
layers fully contact each other, there is no current in the
external circuit, because the charges on the surfaces of two
layers are almost neutralized. During the separation period, the
potential diﬀerence will increase, which causes the electrons to
move toward the aluminum electrode from the copper
electrode and generate current, until they separate a certain
distance and the two triboelectric layers can reach electrical
D
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Figure 5. Self-powered riding characteristic sensing system for real-time statistical data and kinematic analysis. (a) Schematic diagram of
smart saddle involved in a riding pitch attitude detection system. A pressing signal can be converted into a visual statistical result. (b)
Forward pitching attitude illustration of athlete on the horse. (c) Output voltage from seven channels when the pressing position is on front
part of the saddle. (d) Simulation diagram of the potential distribution on smart saddle under forward pitching attitude by using COMSOL
software. (e) Upright pitching attitude illustration of athlete on the horse. (f) Output voltage from seven channels, when the pressing
position is in the middle part of the saddle. (g) Simulation diagram of the potential distribution on the smart saddle with upright pitching
attitude. (h) Backward pitching attitude illustration of athlete on the horse. (i) Corresponding reconstructed results in pressure sensory
matrix. (j) Simulation diagram of the potential distribution on smart saddle under backward pitching attitude.

concluded that the FEP ﬁlm is the optimal choice compared to
the other materials. A TENG is greatly aﬀected by the
environment. In order to verify the accuracy of the experiment,
we utilized the same material to repeat the experiment in the
same environment to study the authenticity. The electrical
output performance of the SRC-TENG is shown in Figure S3;
there is no signiﬁcant change in output performance, which
can also prove the stability of the device. The performance of
the SRC-TENG with diﬀerent riding frequency was also
studied. The Voc and the Isc with the riding frequency of the
device are shown in Figure 3d,e. When the contact separation
distance is 15 mm, under the diﬀerent frequencies (1 to 5 Hz),
the result shows that the voltage is constant around 45 V.
Meanwhile, the current rose from 0.8 μA at 1 Hz to 4 μA at 5

Hz with the increasing frequency, which implies that a higher
frequency is beneﬁcial to produce a higher performance of Isc,
but it will not inﬂuence Voc. The reason is the Qsc values are
constant under the diﬀerent frequencies, whereas the number
of contacts between two layers increase with the increasing
operation frequency; therefore, higher frequency results in a
higher transfer rate of charges, resulting in a higher Isc.
Subsequently, we investigated the long-term reliability and
stability of the SRC-TENG. As shown in Figure 3f, after
operation over 3000 cycles, the Voc shows no obvious
degradation, which fully demonstrates the signiﬁcant robustness and durability of device and proves the stability and
practicability of the SRC-TENG in terms of microbiomechanical energy harvesting and motion monitoring.
E
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Figure 6. Application of the ARC-TENG based smart saddle for safety prediction and micro-biomechanical energy harvest. (a) Schematic
illustration and photographs of the application scenarios of TENG sensors for safety prediction and the associated transmission equipment.
(b) Motion state monitoring signals of smart saddle in diﬀerent conditions. (c) Sit down signal and (e) stand up signal during the riding
state. (d) Real-time measurement of the seven sensors from forward pitching attitude to backward pitching attitude. (f) Charging
performance of the TENG unit in diﬀerent applied force. (g) Working state of the alarm receiving a warning signal from the transmitter. (h)
Photograph of nearly 200 LEDs lit up by the TENG array during the riding process. (j) Photograph of an electronic thermometer driven by a
TENG array charged capacitor during the riding process.

Meanwhile, we also investigated the inﬂuence on output
performance of SRC-TENG from diﬀerent external applied
forces. A force gauge was used to measure the external applied
force, and the device was operated under a frequency of 2 Hz
and 15 mm contact distance. When the initial external applied
force is 10 N, the voltage output is 40 V (Figure 4a); as the
applied force increases, the output voltage also increases, and
when the external applied force increases from 5 to 50 N, the
Isc also increased from 0.5 to 2.4 μA (Figure 4b). Figure 4c
shows the increasing transferred charges as the external force
rises. This result is expected because the two triboelectric
layers get a better contact with the increasing external applied
force, which means a large eﬀective contact area and therefore
a higher electrical output performance. Figure 4d shows the Isc

of the SRC-TENG at diﬀerent accelerations (from 1 to 10 m
s−2); the Isc of the SRC-TENG increases from 1.2 μA at 1 m
s−2 to 6.5 μA at 10 m s−2 because the Isc is determined by both
charge density and charge-transfer rate, and when the
acceleration increases, the charge transfer rate increases. In
Figure 4e, we show the output performance of the SRC-TENG
with diﬀerent external resistance. When the resistance
increased from 104 Ω to 1010 Ω, the Voc increased from 0 to
55 V, but the Isc decrease incrementally due to the ohmic loss.
With the increasing resistance, the instantaneous power
increased steadily at ﬁrst and then tended to decrease when
it reached the peak value. The corresponding power density is
1.25 mW/m2 with external loading resistance of 60 MΩ
(Figure 4f). Moreover, to further evaluate the performance of
F
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The major danger comes from the direct injury due to falling
from the horse and the inability to be found in time after
falling. In order to improve the safety of athletes in the process
of riding, a self-powered fall warning system was built based on
the SRC-TENG. The SRC-TENG array was assembled on the
surface of the saddle, which is used as sensor for the warning
system and sends out an alarm after collecting and processing
data. The progress is shown in Figure 6a. A signal will be
generated when a person sits on the; through the method of
multichannel data acquisition, the real-time voltage signals of
every sensor could be detected at the same time, and then the
transmitter will send the processed signal to the terminal
equipment in real time. Figure 6b shows a riding signal for a
period of time; during this process, before falling, the sensor
continuously puts out a stable signal; the rising and sitting
voltage signals are shown in Figure 6c,d. However, when the
smart saddle no longer puts out the signal, we can judge based
on the signals that the athlete may have fallen from the horse.
The corresponding signal will be sent out through the
transmitter and activate the alarm; the equivalent circuits of
the warning system and the photograph of the alarm in
working state are shown in Figure S7a,b. In order to fulﬁll the
potential of the riding characteristic sensing system, the signal
is collected from SRC-TENG through multichannel method
and statistical analysis of the data is performed, enabling the
output to reﬂect dynamically the riding pitch attitude and
pressure distribution on the smart saddle. Figure 6e shows the
posture change process of the athlete; from backward posture
to forward posture the voltage signal appears successively in
the corresponding channels over time, which means that the
sensor can also be used for continuous monitoring of riding
pitch attitude. To further investigate the viability of the SRCTENG to power the electronics by harvesting microbiomechanical energy, the relationship between external
applied force and the voltage across the capacitor was
measured. We utilized a vertical linear motor acts as the
external drive, which provides a variety of applied forces in a
vertical direction. The charging time of the capacitor under
diﬀerent applied forces is shown in Figure 6f. As the applied
force increases, the charging speed also becomes faster, which
means a larger force can lead o better contact, thereby reducing
the charging time. It is clearly seen that more than 200
commercial LEDs were lit by the smart saddle (Figure 6h and
Movie S1). The SRC-TENG array charges the capacitor and
through the rectiﬁer bridge can power the electronics
intermittently. When the capacitor was charged for 20 min,
it could activate a thermometer once, with power consumption
of approximately 36 μJ, as shown in Figure 6g−i. Movies S2
and S3 demonstrate the ability to collect micro-biomechanical
energy under applied force from a linear motor to power the
transmitter and thermometer. The corresponding photograph
of working status, speciﬁc connection method, and components of the circuit are shown in Figure S7c−f. This
experiment demonstrates the long-term potential of SRCTENG for being widely used in intelligent devices and sensors.

the charging ability, we selected diﬀerent amounts of SRCTENG assembled on the saddle, and the linear motor was used
to simulate the riding movement to charge the capacitor. The
output voltage signal was collected by the Keithley 6514. The
assembly diagram of the smart saddle and a photograph of
operation under test system is shown in Figure S4. As shown in
Figure 4g−i, under external forces of 30 N and frequency of 2
Hz, as the number of SRC-TENG units increases, the charging
time becomes faster. Therefore, we can conclude that more
devices assembled on a saddle result in acceleration of charging
speed. Moreover, in the SRC-TENG array, because of the
diﬀerent contact times of the devices on the saddle, the motion
phase consistency is hard to reach; as a result, the output
current of the SRC-TENG array is not ﬁve times that of the
single unit.
Demonstration. The SRC-TENG can be also used as a
pressure triboelectric sensor to establish a wireless riding
characteristic sensing system as depicted in Figure 5a; the
circuit design of the system and simulation diagram of the
TENG array when human sits on saddle is shown in Figure S5.
By placement of seven SRC-TENG units on the saddle from
front to back as sensing points, which can detect the applied
pressure, when a person sits on the saddle in various postures,
diﬀerent pulse signals will be generated on the sensors, and
each sensor connects with the multichannel acquisition. Based
on the collection and analysis of diﬀerent voltages at the seven
points, the distribution of pressure can be calculated, and we
can get information about riding pitch attitude through
terminal equipment by utilizing some electronic modules.
Figure 5b−d shows the pressure sensory matrix and simulation
diagram of a person sitting on the saddle with forward pitching
attitude; the three high output voltage points (around 50 V)
can be detected at the front of saddle, but other points show
Voc under 40 V, which is signiﬁcantly lower than the front part.
Therefore, we can know that the person is in a forward
pitching attitude from the signal, and the corresponding
simulation diagram obtains a sensitive and potential distribution image which can also conﬁrm this result. Based on this
identiﬁcation strategy, a variety of riding pitch attitudes can be
also monitored. When a pressure contact position test was
conducted at the middle of the saddle (Figure 5e−g), a higher
output voltage can be detected in the middle position of
saddle, about 58 V, and the voltage of the sensors in other
positions are signiﬁcantly lower than those in the middle. It can
be also inferred from the simulation diagram in Figure 5g: a
higher potential appears in the middle part, which means that
the middle part has more applied pressure than the
surrounding part, so it would be judged that the athlete is in
an upright pitching attitude. When the voltage of the sensor
array at the end of the saddle is higher, decreasing from back to
front, it is recognized as a backward pitching attitude. In order
to further verify its utility for big data analysis for equestrian
sports, the signal and simulation diagrams of other three
diﬀerent riding pitch attitudes are shown in Figure S6, and the
signal appeared simultaneously when a person made a
corresponding posture. By big data collection and analysis of
the statistical result, the athlete’s exercise habit data can be
gained to assist their training and improve competition tactics.
The self-powered pitching attitude monitoring system based
on SRC-TENG provides a possibility for the manufacture
smart equipment for equestrian training.
With the rapid development of equestrian sports, people are
paying more and more attention to safety issues while riding.

CONCLUSIONS
We proposed a ﬂexible and self-rebound cambered triboelectric nanogenerator (SRC-TENG) for self-powered sensing
in kinematic analysis and safety prediction. Beneﬁting from
simple and eﬀective design, ordinary materials by means of
self-rebound cambered structure evolved into a high-performance micro-biomechanical energy harvester with excellent
G
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mechanical properties including over 3000 cycle durability and
superior resiliency and stability. With a size of 4.52 cm2 per
unit, it could deliver a power density of 1.25 mW/m2 under an
external load resistance of 60 MΩ. By integration of a SRCTENG array on a smart saddle, a self-powered riding
characteristic sensing system was further developed with fast
response time of 16 ms, which can sense the microbiomechanical energy generated by equestrian sports and
monitor the riding state by its own sensitive self-rebound
structure to provide real-time statistical data and fall detection
for both horsemen and coaches. Taking these compelling
advantages into account, the SRC-TENG has great application
prospects in the ﬁelds of micro-biomechanical energy harvesting and analysis of sport mechanics. It provides signiﬁcant
guidance for the development of self-powered sensing
technology toward distributed, portable, and real-time analysis
in the next stage.
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EXPERIMENTAL SECTION
Fabrication of the SRC-TENG. The SRC-TENG in this work
consisted of two main parts: The arc cover is made by a 3D printing
process, using the TPU material with hardness of 65A, the wall
thickness is 1 mm, and the overall height is 5 mm. Four air vents were
evenly distributed on the side. A layer of copper thin ﬁlm (24 mm in
diameter) serving as an electrode was placed on the rubber ﬁlm.
Subsequently, a FEP ﬁlm of the same size was attached on the copper
electrode as the triboelectric layer. An acrylic board (thickness of 1
mm) was cut with laser cutter to 40 mm in diameter as the substrate.
An aluminum ﬁlm was attached on the surface of the acrylic sheet,
then the top cover was glued onto the acrylic sheet.
Characterization and Measurement. The electric output of the
SRC-TENG was tested with a programmable electrometer (Keithley
Instruments model 6514). A vertical linear motor (Linmot E1100)
was applied to drive the SRC-TENG with diﬀerent parameters.
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