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Abstract
Bouncing ball based Triboelectric Nanogenerator (BB-TENG) can be used to harvest
vibrational energy and sense signal for self-powered sensor in the non-resonant zone because of
its non-spring vibration system. The energy harvesting efficiency and sensing effectiveness are
significantly affected by the dynamics of the bouncing ball. However, due to the chaotic and
nonlinear mechanics, the dynamics of the bouncing ball inside BB-TENG and the
corresponding influencing factors have not yet been revealed, which restricts the development of
high-efficiency BB-TENG. In this work a method based on dynamics simulation and test bench
experiment is to be proposed and the ‘Takeoff’, ‘Well-Contact’, ‘Self-Spin’, and ‘Rich-Contact’
of the bouncing ball with the plate electrodes will be investigated. The kinetic model established
based on the Automatic Dynamic Analysis of Mechanical Systems (ADAMSs) is verified
through experiments to confirm the reliability of the simulation results. It is found that ‘Well-
Contact’ of the bouncing ball makes BB-TENG harvest energy efficiently. The factors for
‘Well-Contact’ and their influence are investigated, and the critical frequencies for
‘Well-Contact’ of the bouncing ball at each vibration excitation amplitude are obtained.
‘Self-Spin’ of the bouncing ball produced by unbalanced excitation torque is found to increase
energy harvesting, and the excitation frequency significantly determines the energy of the
‘Self-Spin’. When the external excitation acceleration reaches a critical value, the
‘Rich-Contact’ of the bouncing ball is found, and the amount of charge transfer for BB-TENG
will not increase, which is termed saturated condition. Therefore, the results of this work help
improve the design and application of high-efficiency BB-TENG.

Keywords: triboelectric nanogenerator, vibration energy harvesting, bouncing ball, movement
characteristics
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1. Introduction

Various types of vibration energy are produced in our living
environment at anytime and anywhere through such media
as engines, bridges, vehicles, buildings, etc. If such dis-
carded energy can be effectively utilized, additional appre-
ciable energy will be generated to supply power for microelec-
tronics, electronic monitoring devices and small sensors. Tri-
boelectric nanogenerator (TENG) provides a practical way for
harvesting vibration energy and transforming it into electricity.

TENG can be divided into four categories according to the
operating mode: vertical contact-separation mode, contact-
sliding mode, single-electrode mode, and free-standing
triboelectric-layer mode [1–6].The vertical contact-separation
mode of TENG mostly use elastic elements such as springs
to approach the reciprocating contact movement of the top
and bottom plates, so that the energy harvesting efficiency of
TENG can only be optimized near its resonance frequency
band and shorten the bandwidth of energy harvesting, which
limits its application. However, there is a kind of TENG can-
celling the spring structure, which is represented by hon-
eycomb structure inspired triboelectric nanogenerator (HSI-
TENG) [7], hard-contact square triboelectric nanogenerator
(HS-TENG) [8] and soft-contact square triboelectric nanogen-
erator (SS-TENG) [9]. The direct contact between the top and
bottom plates is replaced by the indirect contact between the
bouncing ball and the top and bottom plates. Therefore, this
type of TENG has an outstanding advantage of the broadband
power generation of the non-resonant system and can be used
to harvest vibrational energy and sense signal for self-powered
smart sensor.

Many scholars [1–5, 10] have conducted research on boun-
cing ball model or power generation characteristics of TENGs.
The bouncing ball model was first proposed by Perutz et al
[11], and then Luck et al [12] proposed the chaotic move-
ment of the bouncing ball, and studied the chattering, lock-
ing, and chaos movements with a finite restitution. Barroso
et al [33] modeled dynamics with a discrete map of differ-
ence equations, which reveals a rich variety of nonlinear beha-
viors. Smith et al [34] investigated the dynamics of a ball
bouncing on a rough vibrating surface and the energy dis-
sipation as a consequence of the coupling between the colli-
sion, rotation and surface friction. Due to the non-linear beha-
vior and chaotic motion of the bouncing ball in the process
of motion, many of the above motion characteristics of boun-
cing ball are based on ideal state assumptions, and cannot be
used as a reference for the dynamic characteristics of the boun-
cing ball in the actual BB-TENGs. Many scholars at home
and abroad have explored the power generation characterist-
ics of TENG and the ways to optimize such characteristics.
Zhang et al [35] studied the power generation characteristics of
the liquid metal acceleration sensor by changing the material
and structure. As the inventor of HSI-TENG, Xu’s team [36]
explored the power generation characteristics of HIS-TENG
by changing the structure and working conditions; In the wind
speed sensor test, the influence of different working condi-
tions and materials on the power generation characteristics is

studied, and it is concluded that the sensor has high accur-
acy at a wind speed of approx.10 m s−1. Garcia et al [13–
15] used a dynamic mechanical analyzer to study the rela-
tionship between the mechanical stimulation and the electrical
response of the triboelectric nanogenerator. During the devel-
opment of its impact sensor, the relationship between work-
ing conditions and power generation characteristics was dis-
cussed. Many scholars [4–6,16–36] often discussed the power
generation characteristics of TENG by changing the test con-
ditions, structure and other variables in the development and
optimization of TENG. However, few researches have been
made on the dynamic characteristics of TENG regarding its
power generation performance.

The power generation characteristics of BB-TENG mainly
depends on the dynamics of the bouncing ball between the
top and bottom plate. However, it is difficult to build up an
accurate mathematic model to describe the complicate move-
ments of the bouncing ball. And it is also hard to make effect-
ive measurements of the bouncing ball’s movements in exper-
iments. To address this need, this article proposed a method
to systematically investigate movements of the bouncing ball
in BB-TENG based on dynamics simulation and test bench
experiment. It verified the accuracy of the parameter settings
of the simulation model through the test bench. Through the
visualization window of the simulation software, we obtained
four key motion gestures of the bouncing ball with the plate
electrodes: ‘Takeoff’, ‘Well-Contact’, ‘Self-Spin’ and ‘Rich-
Contact’. At the same time, the finite element methodwas used
to calculate the various parameters (e.g. Speed, acceleration,
displacement, etc) of the TENGmodel in the working process,
and the reasons for the above four postures and the influence
of various postures on its power generation performance were
further explored. The results can help improve the design and
application of high-efficiency BB-TENG for energy harvest
and signal sensing.

2. Kinetic model

2.1. Dynamics equation

The bouncing ball system of the BB-TENG under investiga-
tion consists of a ball bouncing vertically on a harmonically
vibrating cell. Figure 1 illustrates the bouncing ball system of
the BB-TENG. The position of the cell bottom plate at time t
is given by

S(t) = Asin(ωt) . (1)

After the (i−1)-th collision (at time ti−1), the ball makes a
projectile motion with gravitational acceleration g. The posi-
tion of the ball X(t) during its flight between two collisions,
which take place at time ti-1 and ti, is described by the follow-
ing equation:

X(t) = X(ti−1)+ v(ti−1) · (t− ti−1)−
1
2
g · (t− ti−1)

2 (2)
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Figure 1. Bouncing ball system of the BB-TENG.

where v(ti−1) is the velocity of the ball at last collision, and it
can be described by

v(ti−1) = u(ti−1)+ ṡ(ti−1) (3)

where u(ti−1) is the relative velocity between the ball and the
cell’s bottom plate, when last collision takes place with bottom
plate, u(ti−1)> 0 is the sufficient condition for the ‘takeoff’
of the ball from the cell plate. On the contrary, when last col-
lision takes place with top plate, u(ti−1)< 0. And collision
takes place when the ball and the cell plate are at the same
position, ∆(ti) = r or ∆(ti) = h− r, where h is the height
between bottom and top plate, r is the radius of the ball, and
∆ is the relative position of the ball over the bottom plate

∆(t) = X(t)−S(t)

= A · (sinωti−1 − sinωt)

+ [u(ti−1)+Aωcosωti−1] (t− ti−1)

− 1
2
g · (t− ti−1)

2
. (4)

The solution ti is the next collision time. And the relative ‘land-
ing’ velocity u(ti)− can be obtained by

u(ti)− = ∆̇(ti)

= Aω · (cosωti−1 − cosωti)+ u(ti−1)− g · (ti− ti−1) .
(5)

After collision, the ball bouncing back with a relative velo-
city given by

u(ti−1) =−α ·u(ti)− (6)

where α is the restitution coefficient, 0 < α <1.
The kinetic parameters and the future of the bouncing ball

can be obtained by iterating the above dynamical equations,
starting from arbitrary initial conditions. The actual BB-TENG

Table 1. Triboelectric sequence of commonly used materials.

POM 1.3-1.4 (Following the left column)

Knitted wool Polyester (Dacron)
aluminum Polyisobutylene
Paper Polystyrene
Nickel, copper Polyethylene
Brass, silver Polypropylene
Polyvinyl alcohol Polyvinyl chloride
(Continued in right column) PTFE

system is a 3D model, not a 2D model. In addition to col-
lision, the ball movement forms such as scraping, spinning,
tangential flight, chattering, and chaos take place too, due
to the complex tensor of elastic properties, surface friction,
and the local slope of surface. It is difficult to describe the
kinetic property of the ball by restitution coefficient and the
2D motion model. Thus, based on the dynamic equation,
the following section further studies the motion character-
istics of the BB-TENG system with a 3D finite element
model.

2.2. Simulation model

As shown in figure 2(a), HSI-TENG have a sandwich struc-
ture divided into top and bottom plates and a middle sand-
wich. The bouncing ball relies on vibration energy to recip-
rocate between the nest-shells in the sandwich, intermittently
contacting the top and bottom plates.

Almost all materials have the effect of triboelectricity.
Table 2 lists the triboelectric sequence of commonly used
materials. It can be found from the table that the copper elec-
trode plate has electronegativity, and PTFE has strong elec-
tronegativity due to its high content of fluorine, which explains
why it can be used as a material for BB-TENG to gener-
ate electricity. As shown in figure 2(b), the PTFE (polytetra-
fluoroethylene) bouncing ball has electronegativity, and when
it comes in contact with the copper films of the top and bottom
plates (electrodes), charge transfer occurs, thereby generating
alternating current.

As shown in figures 2(a) and (d) nest-shell of BB-TENG
is modeled in ADAMS (Version 2017, MDI, US), which is a
3D modal including the outer shell, rubber pads, and a boun-
cing ball. The rubber pad and the bouncing ball are both made
flexible, while others are of rigid bodies. In the process of flex-
ibility, the bouncing ball is divided into 8921 nodes, and the
rubber pad is divided into 2315 nodes. A fixed pair is added
between the rubber pad and the upper and lower surfaces of
the shell, a translational drive pair is added between the shell
and the ground, and the function y of the drive pair is set as
follows (expression form in ADAMS):

y= A× sin(2× pi× f× time) (7)

where, ‘A’ and ‘f ’ refer to the vibration amplitude and
frequency (which will be changed during the experiment)
respectively, while ‘time’ is the time parameter. Then force
contact is added between the bouncing ball and the split front

3
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Figure 2. Structure, working principle, ADAMS simulation diagram of the BB-TENG. (a) Schematic diagram of HSI-TENG.
(b) Schematic diagram of BB-TENG power generation. (c) Simulation diagram of the BB-TENG. (d) Schematic diagram of ADAMS
interface.

Table 2. Mechanical properties of BB-TENG materials.

Materials Density/(kg m−3)
Modulus of

elasticity/MPa Poisson’s ratio

Sponge 500 7.80 0.40
PLA 2200 1140 1.00
PTFE 2300 3140 0.35

and rear plates, and the acceleration of gravity in−Y direction
is increased, the value is −9806.65 mm s−2. The simulation
time is set to 2 s, and the number of simulation steps is conven-
tionally 200–300 times the simulation time. In order to ensure
the accuracy of the simulation data, the number of steps is set
to 1000. The material parameters are set before the start of
simulation, as shown in table 2 below.

In order to ensure that the simulation model con-
forms to the actual structure, the following simplifications
and equivalent treatments were made during the modeling
process:

(a) Assume that the vibration form of the bouncing balls in
each nest shell is consistent;

(b) Do not consider the impact of 0.1 mm copper film on
model;

(c) Do not consider the influence of air resistance;
(d) Do not consider the contact deformation between the excit-

ation table and the BB-TENG’s shell.

2.3. Simulation model verification

A test with an exciter is conducted to verify the simulation res-
ults with the test data. Figure 3(b) is a schematic diagram of
the test bench, which consists of JZK-10 modal exciter, SFG-
1003 DDS signal generator, YE5871 power amplifier, DLF-8
charge voltage integration filter amplifier, YJ9A7021 acceler-
ation sensor and acquisition oscilloscope equipment. The sig-
nal generator provides a harmonically signal for test bench,
and modal exciter finally generates a harmonically excita-
tion act on the BB-TENG. The physical test system is shown
in figure 3(b). Fix the BB-TENG sample and YJ accelero-
meter on the plane of the exciter, set the frequency to 30 Hz,
adjust the power amplifier knob. BB-TENG sample and YJ
accelerometer are connected to the oscilloscope for convenient
observation. Figure 3(c) shows the test data, where the max-
imum acceleration amplitude under this working condition is
100 m s−2, and the exciter amplitude calculated by the follow-
ing formula is 2.8 mm

αmax = A(2πf )2. (8)

Set the excitation amplitude and frequency as 2.8 mm and
30 Hz in ADAMS. Extract the vertical displacement curve of
the bouncing ball from ADAMS, and the result is shown in
figure 3(d). It can be found that the vibration frequencies of
the bouncing ball under test and simulation are the same, and
the trajectories of the bouncing ball under test bench and the
simulation are almost the same, so the simulation data can be
considered reliable.

4
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Figure 3. Correct setting of the simulation model. (a) Schematic of excitation test. (b) Physical map of excitation test. (c) Diagram of
acceleration and charge on bench test. (d) Simulation diagram of the ball’s centroid displacement at 2.8 mm–30 Hz (A = 2.8 mm,
f = 30 Hz).

3. Results and analysis

Through the simulation of the ADAMS software, we found
that the bouncing ball has the following four representative
motion characteristics: ‘Take off’, ‘Well-Contact’, ‘Self-Spin’,
‘Rich-Contact’. As shown in figure 4, ‘Take off’ means that the
bouncing ball can leave the bottom plate under external excit-
ation. This phenomenon cannot generate a stable AC signal,
but it can generate a certain amount of electrical energy on the
bottom plate, which is the basis for TENG to convert vibration
energy into electrical energy. ‘Well-Contact’ means that the
bouncing ball can stably contact the upper plate and generate
a relatively stable electrical signal, which is the performance
of the stable work of the TENG. ‘Self-Spin’ refers to the phe-
nomenon that the bouncing ball rotates around its own torque
when running inside the container; ‘Rich-Contact’ means that
the electrical signal generated by the BB-TENG has reached
saturation and will not increase with the external excitation.

3.1. ‘Take off’ of the bouncing ball

‘Take off’ refers to the state that the ball becomes separated
from the plate and begins to vibrate, which is the premise
of BB-TENG’s power generation. The exciter provides a har-
monically vibration. As the BB-TENG is fixed on the excita-
tion platform, it can be considered that the motion form of the
TENG shell is the same as the excitation platform. The boun-
cing ball and the shell are in contact through a sponge cushion
with stiffness and damping.

The simulation results of ball’s displacement over different
excitation frequencies in ADAMS are shown in figure 5(a). It
can be found that the displacement curve of the bouncing ball
under 10 Hz has a similar amplitude with the exciter, which
means the bouncing ball stick on the bottom plate without fur-
ther movement. When the excitation frequency reaches 12 Hz,
the vertical amplitude of the bouncing ball will gradually
increase until reaching a peak at 18 Hz.

This indicates that the bouncing ball has a ‘Well-Contact’
with the top plate at 18 Hz. At the same time, it can be found
from the position of the bouncing ball during the simulation
that the bouncing ball is always close to the bottom plate at
8 Hz and will not ‘Take off’. As the frequency increases, the
bouncing ball jumps up and gradually collides with the top
plate, which shows that the kinematic relationship of the sim-
ulation model is consistent with the actual situation.

3.2. Critical frequency for ‘Well-Contact’

The phenomenon that the bouncing ball can contact the top
plate is stipulated to record as ‘Well-Contact’. The prerequis-
ite for BB-TENG’s work is that the bouncing ball is in
‘Well-Contact’ state. The factors that affect the motion of
the bouncing ball include the excitation amplitude, frequency,
inclination angle, and the stroke of the bouncing ball.

As the figure 5(a) shown, it is worth noting that when the
bouncing ball has not yet reach ‘Well-Contact’, its centroid
displacement will increase significantly with the slow increase
in frequency. However, when it reaches the ‘Well-Contact’

5
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Figure 4. The simulation diagrams of the bouncing ball in ADAMS at four states. (a) ‘Take off’. (b) ‘Well-Contact’. (c) ‘Self-Spin’.
(d) ‘Rich-Contact’.

state, its amplitude will not have significant changes. For
example, the displacement amplitude curves of the bouncing
ball at 18 Hz and 20 Hz almost overlap, which is difficult to
distinguish. Therefore, we call the frequency at which this phe-
nomenon (e.g. as the frequency increases, the displacement of
the ball changes slightly) is critical frequency, and then no
more redundant simulation analysis is performed. Based on
the above example with an excitation amplitude of 3 mm, the
critical frequencies under amplitudes of 0.5, 1, 2 … 4.5, 5 mm
were simulated and calculated to obtain the data.

Interpolating the simulation data to gain the ball-height at
particular vibration amplitude and frequency, then the res-
ult is shown in figure 5(b). As shown in figures 5(c), (d),
it can be found from the Frequency-Height diagram that the
bouncing balls will reach the max height when the frequency
exceeds 30 Hz at each amplitude, which means that the boun-
cing balls have ‘Well-Contact’ with the top and bottom plate.
The height of the bouncing ball can be easily obtained where
it begins to vibrate for each situation from the Amplitude-
Height diagram. It also can be obviously found that it is not
easy for the bouncing ball to contact with the top and bot-
tom plate when the vibration frequency is lower than 9 Hz.
Sorting out the above data, as shown in figure 5(e), when the
amplitude is 1 mm, the critical vibration frequency is higher

at about 30 Hz. As the amplitude increases, the critical fre-
quency decreases rapidly. This means that BB-TENG has wide
vibration frequency adaptability and difficulty in vibration
under small amplitude when harvesting mechanical vibration
energy. When the vibration amplitude reaches 3 mm, the crit-
ical frequency will have slight changes with the increase of
the amplitude, which shows that BB-TENG needs a lowest
critical frequency before the bouncing ball of ‘Well-Contact’,
and the BB-TENG is difficult to work under the vibration
below 9 Hz in the vertical situation. Similarly, as shown in
figure 5(f), according to the above steps, the critical frequency
at the included angle of 30 degrees can be calculated. It can be
found that the required critical frequency of BB-TENG for the
same amplitude will decrease as the angle decreases, which is
in line with the classic Newton’s Law and proves the univer-
sality of the conclusion of the simulation outlined above.

It can be found from figures 6(a) and (b) that in the case of
0.5 mm excitation amplitude, the bouncing ball’s critical fre-
quency needs to reach 100 Hz. Besides, a comparison between
figures 5 and 6 shows that when the excitation amplitude of the
bouncing ball is greater than 1 mm, the period of its centroid
displacement is the same as that of the excitation. When work-
ing condition of the ball is 0.5 mm–50 Hz, it can be found that
the period of the centroid of the bouncing ball is less than that

6
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Figure 5. Excitation amplitude, excitation frequency, inclination angle will affect ‘Well-Contact’ of bouncing ball (a) bouncing ball’s
displacement under excitation amplitude of 3 mm. (b) Three-dimensional diagram of vibration height-frequency-amplitude after
interpolation. (c) The vibration height of each amplitude at each frequency. (d) The vibration height of each frequency at each amplitude.
(e) ‘Well-Contact’ frequency at each excitation amplitude when vertical. (f) ‘Well-Contact’ frequency at each excitation amplitude when the
inclination angle is 30 degrees.

of the excitation frequency (23 crests appear in the centroid
displacement of the bouncing ball in 1 s, about 23 Hz). It can
also be seen from the simulation that the bouncing ball moves
for one cycle and the shell moves for multiple cycles, as shown
in figure 6(c). This phenomenon causes a waste of vibration
energy and reduces the power generation efficiency.

3.3. ‘Self-Spin’ of bouncing ball

As shown in figure 8(a), ‘Self-Spin’ of bouncing ball refers to a
phenomenon in which the bouncing ball rotates around its own
centroid during vibration. This phenomenon can occur at any
stage of the operation of BB-TENG. In order to study the effect
of bouncing ball spin on power generation, an experiment is
made to simulate the contact between the ball and the electrode
plate, as shown in figure 7.

The test is carried out on a spin-speed-controllable ball-
plate collision test bench. As shown in figures 7(a)–(c), the test
bench includes 42BYGH34 stepper motor, ZMC-200 stepper
motor controller, LED display, aluminum alloy flexible coup-
ling, MOFLON conductive ring, copper film, wire, 10 mm
diameter PTFE bouncing ball, 25 mm transparent insulating

plastic tube and the charge signal amplification and acquisi-
tion device mentioned above. In the test, a motor is used to
drive the rotation of the electrode plate to simulate the colli-
sion of the bouncing ball with the electrode plate in the case of
spinning. The drop height of the bouncing ball is 300 mm, the
motor speed range is 0–1200 r min−1, divided at 100 r min−1

intervals (including static working conditions) into 13 differ-
ent speeds, and the electrical signal at the moment of the boun-
cing ball landing is measured separately. The collision is per-
formed many times under each working condition to avoid the
impact of accidental errors and noise.

Let the bouncing ball contact the stationary plate and the
rotating plate in turn, collect the charge transfer signal gen-
erated during the collision, it can be found that the latter will
increase the amount of charge transfer, and this kind of spin
is beneficial. As shown in figure 7(d), through the comparison
between 200 r min−1 and stationary signal, it can be found
that when the bouncing ball lands with the motor rotating, the
charge signal excited by collision is significantly higher than
that with motor at rest.

When the ball is in contact with the shell wall, its spin will
also increase frictional consumption and cause energy loss,

7
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Figure 6. ‘Poor-contact’ of the bouncing ball at small excitement amplitude. (a) The ball’s centroid displacement of each frequency at
0.5 mm amplitude. (b) The ball’s centroid displacement at 0.5 mm amplitude, 50 Hz and 60 Hz. (c) The simulation diagram of the bouncing
ball at 0.5 mm–50 Hz.

Figure 7. The ‘Self-Spin’ of bouncing ball increases the amount of charge transfer. (a) Schematic diagram of spin test. (b) The structure of
rotational polar plate. (c) Spin test rig physical model. (d) Spin and non-spin signal diagram.

8
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Table 3. Table of amplitude and frequency.

Amplitude/mm Frequency/Hz

Small/low 1 20
Medium/medium 3 40
Large/high 5 60

Figure 8. ‘Self-Spin’ of the bouncing ball is mainly affected by the excitation frequency. (a)–(c) Figure of angular kinetic energy of each
frequency at 1 mm, 3 mm, 5 mm excitation amplitude. (d) The angular kinetic energy is plotted by frequency. (e) The angular kinetic energy
is plotted by vibration amplitude. (f) The angular kinetic energy is plotted by inclination angle.

and this kind of spin is harmful. Therefore, the study of boun-
cing ball spin during vibration is of great significance.

3.3.1. Coupling effect of exciting amplitude and frequency on
spin. In actual application, the vibration amplitude is gen-
erally 1–5 mm, and the frequency is 10–60 Hz. According to
table 2, the following divisions are made to facilitate discus-
sion. Some areas belong to the poor contact frequency band,
which has been omitted during the division, and no redundant
simulation analysis will be performed during the simulation.

Angular kinetic energy Ek refers to the kinetic energy of an
object rotating around an axis, the formula is expressed as

Ek =
1
2
Jω2 (9)

where J is the inertia of rotation, ω is the angular velocity.
Therefore, angular kinetic energy can be used to measure the
spin intensity of the bouncing ball.

Taking the BB-TENG simulation model with a stroke of
2 mm as an example, according to table 3, the bouncing

9
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Figure 9. There is a certain acceleration to make the BB-TENG charge transfer amount saturated. (a) The diagram of acceleration and
charge transfer curve at 20 Hz. (b) The diagram of acceleration and charge transfer curve at 30 Hz. (c) The diagram of acceleration and
charge transfer curve at 40 Hz. (d) The diagram of saturated plane.

ball’s angular kinetic energy under various simulation condi-
tions is extracted, and the result is shown in figure 8. From
figures 8(a)–(c), it can be found that the angular kinetic energy
of the bouncing ball increases rapidly with the increase of
its frequency. This situation is especially obvious under the
large amplitude (5 mm). Under small amplitude (1 mm) and
medium amplitude (3 mm), angular kinetic energy will also
increase with the increase of frequency. Under small amp-
litude, medium frequency and high frequency have little effect
on angular kinetic energy.

It can be found from figure 8(d) that the frequency has a sig-
nificant influence on ‘Self-Spin’. The maximum angular kin-
etic energy under 20 Hz is about 0.15 N · mm, but that under
40 Hz and 60 Hz is about 0. 8 N ·mm and 1. 8 N ·mm respect-
ively, which have an order of magnitude difference. The angu-
lar kinetic energy of bouncing ball in low-frequency band
(20 Hz) barely changes rapidly. However, in high-frequency
band (60 Hz), as shown in figures 8(a)–(c), many ‘steep peaks’
exist in the diagram, which means that bouncing balls have
severe collisions during these ‘peaks’. Besides, it can be found
from the simulation of the bouncing ball that the angular kin-
etic energy of the bouncing ball will increase nearly every time
when it has a scratch will the shell wall. Therefore, it can be
considered that the ‘Self-Spin’ of the bouncing ball is mainly
produced by the friction between the bouncing ball and the
shell wall. The bouncing ball will gain a torque from the fric-
tion to start the ‘Self-Spin’.

3.3.2. The effect of inclination angle on spin. Since the fre-
quency has a significant influence on the spin of the boun-
cing ball, three frequency bands (low, medium, and high) are

selected in sequence, and the medium amplitude of 3 mm is
considered to explore the effect of frequency and inclination
angle on the spin. The following simulation test is carried out,
with the result shown in figure 8(f). Based on the above data, it
can be found that when the excitation frequency is low (20Hz),
the angular kinetic energy at each angle is very small. The
angle will also have a specific effect on the angular kinetic
energy in general but is not the decisive factor, and the angu-
lar kinetic energy cannot be significantly increased by chan-
ging the angle. In the low and middle frequency bands, the
effect of angle is not obvious. In the high frequency band,
when the inclination angle is 90 degrees, the angular kinetic
energy is the largest and the spin is the strongest. The angu-
lar kinetic energy of the BB-TENG will be the highest at an
inclination angle of 0 degree and lowest at an inclination angle
of 90 degrees, while the values of the maximum kinetic energy
are similar when the inclination angle is 30 degrees and 60
degrees, with the maximum value being twice of the minimum
one. Therefore, it can be deduced that the inclination angle
may exert a significant impact on the ‘Self-Spin’ of the boun-
cing ball.

3.4. Saturation analysis for ‘Rich-Contact’

During the experiment, it was found that the amount of charge
transfer of BB-TENG would gradually stabilize in some cases
and no longer increase with the increase of excitation fre-
quency and excitation amplitude. The following experiments
are carried out to confirm the existence of saturation state of
TENG.

The BB-TENG is tested on the excitation test bench, with
the excitation frequency set to be 20 Hz, 30 Hz, and 40 Hz (it is
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difficult to start vibration below 20 Hz). The power amplifier
is adjusted continuously to gradually increase the excitation
vibration acceleration until the amount of transferred charge
no longer increases, and the measured acceleration and charge
transfer amount at each frequency are shown in figure 9.

It can be found that the maximum amount of charge trans-
fer at each frequency is 0.023nC, and the YJ accelerometer
reading is 150 m s−2. It can be considered that the amount
of charge transfer has reached saturation at this acceleration,
and it is not very meaningful to increase the excitation energy,
but increasing the frequency will increase the rate of charge
transfer, which in turn increases the current. According to the
formula [5], and the above conclusions, a vibration amplitude-
frequency-acceleration diagram is plotted with a saturated
acceleration plane of 150 m s−2, as shown in figure 9(d).
The working conditions (amplitude, frequency) correspond-
ing to acceleration above the plane are all in saturation, which
should be avoided as much as possible to improve energy
utilization.

4. Conclusions

This work has successfully studied the kinetic and electrical
performance of the bouncing ball in BB-TENG, which is usu-
ally used to harvest vibrational energy and sense signal for
self-powered smart sensor. The energy harvesting efficiency
and sensing effectiveness are significantly affected by the kin-
etic performance of the bouncing ball. Exploration was also
made on the four states of the bouncing ball during its colli-
sion with plate electrodes and flight between plates, namely
the ‘Takeoff’, ‘Well-Contact’, ‘Self-Spin’ and ‘Rich-Contact’
states.

At the ‘Takeoff’ state, BB-TENG’s vibration energy starts
to be converted into electrical energy, the ‘well-contact’
state is the basis for its stable current generation, the ‘Self-
Spin’ state generated by the unbalanced excitation torque will
increase energy harvesting and the ‘Rich-Contact’ state leads
to a waste of energy. External vibration conditions have more
significant influence on these four states. Although we may
not able to change the external vibration conditions, we can
use the simulation analysis method to quickly optimize the
BB-TENG structure and bouncing ball size, making the BB-
TENG quickly adapt to the working conditions and run in the
‘Well-Contact’ and ‘Self-Spin’ states as much as possible, so
as to avoid unnecessary energy waste.
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