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It is highly desired to develop high performance vibration energy scavengers to power amounted and distributed
sensors along with the era of Internet of Things. This study proposes a novel additional mass enhanced film
structure triboelectric nanogenerator (AMF-TENG) for efficiently scavenging broadband vibration energy. The
AMF-TENG is composed of an additional mass, a fluorinated ethylene propylene (FEP) film with a carbon
electrode, and a conductive fabric fixed on a hollow frame. The additional mass can enhance the electrical output
of the AMF-TENG by 25.5 times due to the vibration amplitude and contact forces between the FEP film and
conductive fabric are greatly amplified. The utilization of a hollow frame makes the electrical output of AMF-
TENG 150% higher than the enclosed frame. Theoretical analysis and experimental studies were carried out
to investigate the design parameters. The experimental results indicate that the AMF-TENG shows good electrical
performance in the broadband frequency range from 15 to 70 Hz. Under the vibration condition of 40 Hz and 30
m/s?, it can generate a maximum power density of 622.59 W/m>, which is higher than previous studies by
155.2%. Finally, the AMF-TENG is proven to power temperature and humidity sensors continuously under actual
machine vibration. In brief, the AMF-TENG provides a new method for efficiently scavenging of vibration energy
in the broadband frequency range.

and so forth. Vibration energy scavenging provides an alternative
method to power the electronics or sensor nodes [16-18]. The majority
of vibration energy has the broadband frequency and low amplitude
characteristics due to the influence of environmental excitation [19-21].
[1-3]. However, the traditional cable power supply faces challenges to Therefore, an intensive study on the efficient scavenging of vibration
power the distributed wireless sensor nodes due to high costs, complex energy in the broadband frequency range is vital for the development of
distribution, electromagnetic interference, and power loss [4]. Alter- IoT.

1. Introduction

The rapid development of the internet of things (IoT) has led to
massive wireless sensor nodes widely distributed in different fields

natively, the battery, as another power source, requires to be recharged
or replaced by regular maintenance because of the limited lifetime,
which is a great difficulty in environments such as remote regions,
enclosed spaces, and underwater, etc [5,6]. Thus, it is a great demand to
develop high performance environmental energy harvesters for power-
ing the distributed sensors [7,8]. Vibration, which is regarded as sus-
tainable and clean energy, is omnipresent in industrial and social fields
[9-11], such as engines [12], aircraft [13], bridges [14], buildings [15],
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The triboelectric nanogenerator (TENG) was invented by Zhonglin
Wang and his co-workers [22-24]. Many researchers have devoted to
scavenging vibration energy through TENG due to its high power den-
sity, low cost, high adaptability, and so on [25-27]. Among them, the
resonant structure, which mainly relies on spring or cantilever, is one of
the most popular structures [9,28]. Ren et al. [10] proposed a
cantilever-structure TENG to convert low-frequency vibration sources
with a frequency range from 1 to 22 Hz into electrical energy. The
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cantilever-structure TENG can reach an output power of 62.2 W/m>
under the vibration frequency of 5 Hz. To broaden the frequency band of
TENG, Qi et al. proposed a tandem spring-mass structure TENG to collect
the vibration energy at a broadband frequency range from 3 to 45 Hz
[29]. These TENGs improve the conversion efficiency and working
bandwidth of vibration energy scavenging but can produce
high-performance output only at the resonant frequencies. Besides, the
membrane structure TENG is designed to address this issue. The
VS-TENG proposed by Zhao et al. [30] is effectively applied to sense
vibration frequencies from 1 to 2000 Hz, which motivates a new
orientation in broadband vibration energy scavenging. However, due to
the mass inertia of conventional membrane structures have low mass
inertia which vibrates with small amplitude under external excitation.
Therefore, it remains challenging to improve the efficiency of harvest
vibration energy in broadband frequency range to sustainably power the
electronics [31].

In this work, an additional mass enhanced film structure triboelectric
nanogenerator (AMF-TENG) is proposed for efficiently scavenging
broadband vibration energy. The additional mass is used to increase the
mass inertia of the FEP film, which greatly amplifies amplitude of the
AMF-TENG. From the perspective of energy conversion, the motion
process of AMF-TENG is analyzed and the equivalent model is estab-
lished. The main structural parameters of the AMF-TENG including the
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area of the FEP film and the weight of the additional mass are optimized
to improve the electrical performance of the AMF-TENG. Then the vi-
bration energy scavenging performance of the AMF-TENG is dependent
on various excitations conditions, including amplitudes, frequencies,
and accelerations was systematically studied. The experimental results
reveal that the maximum output power density of the AMF-TENG is
622.59 W/m®, which occupies the first place in vibration energy scav-
enging to the best of our knowledge. More importantly, the AMF-TENG
exhibits the advantage of scavenging vibration energy in wide broad-
band frequency range from 5 to 80 Hz. Finally, the AMF-TENG has been
demonstrated as an excellent vibration energy scavenger (VES) in the
application of continuously powering a temperature and humidity
sensor under actual machine vibration. The AMF-TENG has shown
exceptional application potential as a power source for sensors.

2. Results and discussion
2.1. Structure and working principle of the AMF-TENG

The application scenarios, structure, and working principle of the
AMF-TENG are shown in Fig. 1. As demonstrated in Fig. 1a, the AMF-

TENG has the potential to be an efficient VES for powering sensor
nodes in various fields such as ships, airplanes, and mechanical
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Fig. 1. Application scenarios and working principle of the AMF-TENG. (a) Application scenarios of the AMF -TENG. (b) Structure scheme of the AMF -TENG,
scanning electron microscopy (SEM) image of i) the FEP film and ii) the conductive fabric. (¢) Working principle of the AMF-TENG. (d) The potential change between
the FEP film and conductive fabric by COMSOL. (e) Comparison of the power density with the previous work.
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equipment due to its advantage of the broadband frequency range
(Fig. 1a). The AMF-TENG consists of an additional mass, an FEP film
with carbon electrode, and a conductive fabric fixed to a hollow frame
(Fig. 1b). The optical photograph of AMF-TENG, which is thinner than a
coin, is shown in Fig. S1 (Supporting Information). The additional mass
is used to increase the mass inertia of FEP film, which enlargements the
amplitude under external excitation. The FEP films have strong negative
electronegativity, which can generate large charges during contact and
separation (C-S) with the conductive fabric. Meanwhile, as an electret
material, FEP film retains massive charge on its surface after several C-S
motions with the conductive fabric. The conductive ink and the
conductive fabric act as electrodes to transfer electrons. The surface of
the FEP film is microstructure-modified by 10000-grit sandpaper to
expand the contact area with the conductive fabric, and further enhance
the electrical performance of the AMF-TENG [32,33]. The voltage of
AMF-TENG with untreated, microstructure-modified by 5000-grit
sandpaper and 10000-grit sandpaper, respectively as shown in Fig. S2.
It can be seen that the utilization of 10000-grit sandpaper makes the
electrical output of AMF-TENG 1000% higher than the untreated. The
corresponding (SEM) images of the sanded FEP film and the conductive
fabric are displayed in Fig. 1b(i&ii). The conductive fabric exhibits
excellent permeability benefited from its porous surface structure. The
effect of the permeability of conductive fabric on the output perfor-
mance of the AMF-TENG will be discussed in the following sections.
Fig. lc depicts the working principle of the AMF-TENG. In the
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original state, the FEP film contacts with conductive fabric under the
effect of additional mass. The equal positive and negative charges are
generated on the surface of the FEP film and conductive fabric respec-
tively due to the electro-negativity difference, which is shown in Fig. 1c
(i). As illustrated in Fig. 1c(ii), the FEP film and additional mass move
upward and separate from the conductive fabric. During this procedure,
to balance the potential difference between the FEP film and the
conductive fabric, the electrons are transferred from the carbon elec-
trode to the conductive fabric. The electric field reaches a newly
balanced as the FEP film rises to the highest position, thus the charge
transfer is stopped (Fig. 1c(iii)). Then the electron transfer begins to
reverse as the FEP film moves downward (Fig. 1e(vi)). Finally, the FEP
film and the conductive fabric contact again with the electrical charge
distribution returning to its initial state (Fig. 1c(i)). To verify the
electric-generation principle of the AMF-TENG, the potential variation
of the AMF-TENG under different working conditions is simulated using
the COMSOL Multiphysics software (Fig. 1d), which is consistent with
the above analysis.

The power density, as an important parameter, essentially reflects
the output performance of the AMF-TENG. At present, plenty of VES
based on TENG have been reported. The detailed information on the
output performance of these TENG’s vibration energy scavenging de-
vices is presented in Table S1. As shown in Fig. 1e, the volumetric power
density of several TENG for broadband vibration energy scavenging
from previous studies are listed and compared [4, 11, 34-39], it shows
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Fig. 2. Kinematic characteristics and effect of the additional mass on the performance of the AMF-TENG. (a) The theoretical model of the AMF-TENG and
schematic diagram of experimental platform. (b) The amplitude variation curves of FEP film with different numbers of the additional mass. (c¢) Influence of ac-
celeration and additional mass numbers on the amplitude of FEP film. (d) The maximum displacement of the FEP film with a different number of additional mass
taken with the high-speed camera at the frequency of 40 Hz and acceleration of 40 m/s?. (e) The open-circuit voltage (V,.) of the AMF-TENG is dependent on the
number of additional masses and (f) different additional mass sizes under different frequency.
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that the AMF-TENG has a good performance of higher power output.
Specifically, AMF-TENG generates the maximum power density of
622.59 W/m?, which is higher than the previous literature to our best
knowledge by 155.2%, where the area of the AMF-TENG is 50 x 50 mm
and the height is 4.3 mm. Therefore, benefiting from the improvement
of the AMF-TENG performance, this work provides an important
demonstration of the excellent vibration energy collection by TENG.

2.2. Kinematic characteristics with different additional mass

To investigate the kinematic characteristics and output of the AMF-
TENG, an experimental platform is constructed as shown in Fig. 2a.
The AMF-TENG is mounted on a shaker with the amplitude and fre-
quency precisely adjusted through the power amplifier and function
signal generator, respectively. The acceleration sensor is fixed to the
shaker to measure the vibration acceleration. The displacement of FEP
films with additional mass is measured by a laser displacement sensor.
The shaker can generate sinusoidal excitation, hence the frequency (f),
amplitude (A), and maximum vibration acceleration (a;;) are the most
common characteristic parameters to represent vibration excitation,
which are defined by the following expressions:

y» = Asin(wt + @) (€))

an = Aw* = A(27f)? 2

¥ is the simple harmonic motion function of the external excitation,
w is the angular velocity. As shown in Fig. 2a, the motion of additional
mass can be divided into two different conditions as the frame vibrates
to maximum displacement from the perspective of energy conversion.
The additional mass vibrates downward with the frame when the energy
(E) of vibration is less than critical mechanical energy (E.). The E, with
which the additional mass can separate from the conductive fabric can
be expressed as:

A
1
E = / moea(y)dy = Mo ® dn @ A ®
0

here my is the weight of the additional mass, and y is the vibration
displacement. And additional mass continues to move upward by the
force of inertia when the vibration energy is greater than E.. At this
point, the E. of the additional mass consists of four parts including the
kinetic energy (Ey), gravitational potential energy (E,), elastic potential
energy of the FEP film (E,) and the energy loss (E;) generated by mutual
collision and friction between FEP film and conductive fabric. Thus, the
energy conservation equation can be written as: E = Ex + E; + E, + E,
the gravitational potential energy obtained by the additional mass can
be given as E; = mpege2(A + Ax). Where Ax is the relative
displacement of additional mass to the conductive fabric. Since the vi-
bration of the additional mass is limited by the FEP film, considering the
vibration characteristic of the FEP film, Ax can be expressed as [30]:

Ax — Moy,

: = os(wt — @) @
m\/(wo2 —o’) + 4(; + wz)

here m is the mass of FEP film, « is the damping coefficient from the air
which is influenced by the permeability of the frame, and wy is the
angular frequencies of FEP film. The E; of additional mass can expres-
sion of E; = '"OT“’Z, where v is the velocity of the additional mass as it

leaves the frame. The elastic potential energy of the FEP film due to
2
deformation is E, = [, — kxdx = %k((sz 4 L2 7, > , where k

is the elasticity coefficient of the FEP film, L, is the length of FEP film, d,
is the diameter of the additional mass, andL; is the side length of the
frame. When the additional mass moves to the maximum displacement,
all Ey is converted into potential energy, and the E; can be neglected (i.e.,
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E; = 0). Thus, there is the following equation:
1 (L, —dy)\* ’
mya,A = mogAx-i-Ek((sz +%) —L ) (5)

As mentioned above, the motion of the additional mass is affected by
the weight and area of additional mass, size of FEP film, shape of frame,
and external vibration, which will be investigated in further experi-
ments. The additional mass improves the inertia of the FEP film,
resulting in the increase of the amplitude of the FEP film. Fig. 2b shows
the effect of additional mass on the vibration amplitude of the FEP film
at f = 40 Hz and acceleration of 40 m/s2. The weight of additional mass
is changed by adjusting the numbers. Specifically, the parameters of the
different additional mass sizes are shown in Fig. S3. The displacement of
the frame and the FEP film with different numbers of additional mass is
measured by laser displacement sensors. As shown in Fig. 2b, the
amplitude of FEP film amplifies with the weight of the additional mass.
And the amplitude of FEP film with ten additional mass attached is
5.2 mm, which is 3.25 times larger than that without the additional
mass. The amplitude of FEP film amplifies with the weight of the
additional mass as the number of mass blocks exceeds 10 are shown in
Fig. S4. Fig. 2c shows the effect of maximum acceleration and the
number of additional masses on the amplitude of FEP film at the f
= 40 Hz. The result shows that the amplitude of the FEP film increases
with both the numbers of additional mass and vibration maximum ac-
celeration. It is worth noting that as the mass number increases, the
acceleration required for the FEP film to effectively separate (i.e.,
amplitude of FEP film greater than 1.5 mm) from the conductive fabrics
gradually increases. In particular, the acceleration of FEP film to effec-
tively separate from the conductive fabrics increases from 20 m/s to
28 m/s? when the number of additional mass increases from 2 to 8,
which has little effect on the start-up acceleration of the TENG. The
reason is that the FEP film with more additional mass attached needs
more energy to overcome gravity to move. To further clearly demon-
strate the effect of weight on FEP film displacement. As shown in Fig. 2d,
the moving characteristics of the FEP film were verified through utiliz-
ing a high-speed camera at f = 40 Hz and acceleration of 40 m/s2.
Fig. 2d(iii) clearly shows the relative displacement (Ax) of the FEP film
with eight additional masses attached is 3.0 mm which is much larger
than that without additional mass. The experimental trend analyzed
through the high-speed camera is consistent with that mentioned above.
More details on the moving characteristics of the FEP film can be seen in
Supplementary Movie S1. In addition, the V,. of the AMF-TENG
dependent on the numbers of additional mass is investigated at the f
=50 Hz and A = 0.5 mm as shown in Fig. S5. It can be seen that the
peak voltage is 3 V while the additional mass is not applied to the FEP
film. When the number of additional masses varies from 2 to 6, the V. of
the AMF-TENG increases sharply from 120 V to 320 V. Then, the V,. of
the AMF-TENG almost remains constant as the number of the additional
mass continues to increase. Fig. 2e shows the relationship of the V,. on
the excitation frequency with additional mass numbers as the A
= 0.5 mm. The frequency range of vibration energy scavenges is from 10
to 80 Hz. To investigate in more detail, the V., short-circuit current (I),
and transferred charge (Q,.) of the AMF-TENG with six additional mass
is discussed separately (Fig. S6). It is obvious that the process of output
change can be divided into three stages. First, as the AMF-TENG is the C-
S mode, the equation of electrical output for AMF-TENG is elaborated as
[40,41]:

Voc =—— (6)
€0

where V,, means the open-circuit voltage, g is the dielectric constant in

vacuum, ¢ is the charge density of FEP film. When the excitation fre-

quency is less than 20 Hz, the additional mass cannot separate from the

conductive fabrics because the energy obtained by the additional mass is

not enough to overcome the effects of gravity. As a result, only a few
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electrons are transferred through the external circuit. Second, V. in-
creases rapidly from 100 V to 300 V while the excitation frequency
augments from 25 Hz to 45 Hz. At this stage, the FEP film vibrates along
with the additional mass. Thus, the V,. of the AMF-TENG has improved
due to the increase of the effective contact area. At last, V,. almost re-
mains constant (V,, = 332 V), because as the excitation frequency varies
from 45 to 80 Hz, the effective contact area remains the maximum. The
current and transferred charge have a similar trend. The experimental
result indicates that the AMF-TENG is capable of scavenging vibration
energy in the broadband frequency range. Besides, as shown in Fig. 2e,
the peak Voc of the AMF-TENG without additional mass is only 13 V at
the frequency of 80 Hz, with the application of additional mass
increasing V,. by 25.5 times (i.e., V,c =332 V). Meanwhile, the V,. of
above three stage is dependent on the numbers of additional mass. In the
first, the weight of the additional mass almost has hardly affected the
Vioc. While the V. increases dramatically as the number of the additional
mass varies from 0 to 10 (second stage). In the third stage, the V,. almost
remains constant regardless of the additional mass numbers as the vi-
bration frequency increases. However, it is noticed that the value of the
frequency that the optimum of V. appears to reduce from 80 to 35 Hz
with the increase of the additional mass number from O to 10. And the
additional mass number almost has no effect on the V, of the AMF-
TENG as the number changes from 6 to 10. The reason can be
explained that both the effective contact area and the effect of
displacement reach the maximum as the additional mass number varies
from 6 to 10. According to Eq (5), the additional mass area is also an
essential factor that influences the electrical output performance of
AMF-TENG. Fig. 2f shows the V, of the AMF-TENG varies with different
diameters of additional mass with the fixed weight of 6.8g as the exci-
tation frequency augments from 10 to 80 Hz. Meantime, to provide
sufficient deformation area (S4) for the membrane, the additional mass
has a maximum diameter of 40 mm and a minimum diameter of 20 mm.
The V,. of the AMF-TENG increases as the diameter of the additional
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mass reduces from 40 to 20 mm. Fig. S7 compares the V,. of AMF-TENG
as the additional mass diameter (d;) is 20, 25, and 40 mm (f = 50 Hz and
A = 0.5 mm). It is obvious that the V,. decreases with the expanded area
of additional mass. As Fig. S8 shows the amplitude of FEP film decreases
with the increase of additional mass diameter. This result is that the
increase in the additional mass area reduces the Sy of the FEP film, which
results in a smaller vibration amplitude. Thus, the optimized additional
mass number and diameter of 6 and 25 mm are applied for further
experimental study, respectively.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108182.

2.3. Effect of structural parameters

To investigate the effect of the permeability of the supporting frame
on the V, of the AMF-TENG, we constructed three types of frames (with
an area of 50 x50 mm) including hollow, hole, and enclosed as shown in
Fig. 3a. The AMF-TENG with the hollow frame has the largest vibration
amplitude of 6.3 mm at the f = 40 Hz compared with the other types of
frames as shown in Fig. 3b. It is obvious that the amplitude of FEP film
can be improved by optimizing the permeability of the frames. The
reason may be that the vibration of the additional mass leads to changes
in the air pressure between the FEP film and the conductive fabrics,
which is influenced by the frame permeability. According to Eq. (4), the
improvement of the frame permeability can enhance the damping co-
efficient, thereby the amplitude of the FEP film is improved. Then, the
Vo of the AMF-TENG dependent on the various types of frames is
investigated as shown in Fig. 3c. The V,. of the hollow, hole and
enclosed frames is 149 V, 160 V, and 180 V at the f = 40 Hz, indicating
that the improvement of the frame permeability can increase the elec-
trical performance of the AMF-TENG. In order to further understand the
effect of permeability, V. of the AMF-TENG dependent on the frequency
with the different types of frames is studied under the fixed amplitude of
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Fig. 3. Effect of frame type and film area on AMF-TENG. (a) Schematic diagram of various types of frames including hollow, hole and enclosed frame. (b) The
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FEP film. (f) The V,. of the AMF-TENG is dependent on the vibration frequency under various areas of FEP film.
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0.5 mm. As shown in Fig. 3d, the application of the hollow frame can
improve the output performance of the AMF-TENG. As the frequency
exceeds 50 Hz, the V,. of the hollow frame stabilizes at about 200 V,
which is 150% higher than that of the enclosed frame. Both the hole and
enclosed frames reach the peak V. at the f = 40 Hz. Then the V,. drops
rapidly as the frequency increases from 40 Hz to 70 Hz. The experi-
mental result indicates that the hollow frame can efficiently collect the
vibration energy in a wider range of frequencies.

According to Eq. (5), the area of the FEP film also plays a vital role in
determining the electrical output of AMF-TENG. Therefore, the influ-
ence of the FEP film area on working performance was systematically
studied. The amplitude of FEP film increases with the enlargement of the
area, as shown in Fig. 3e. The reason for this phenomenon is that the
enlargement of the film area reduces the elastic potential energy (E,)
that the mass needs to consume when it vibrates upward. And more
kinetic energy (Ej) is converted into gravitational potential energy (E,),
thereby the vibration amplitude of the FEP film increases. As shown in
Fig. 3f, the V,. of AMF-TENG increases with the area of the FEP film. As
the area of the FEP film increases from 30 x 30 mm to 50 x 50 mm, the
V,c of AMF-TENG improved from 201 to 328 V. However, the V,. in-
creases from 328 to 345V as the FEP film area increases from

(b)
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50 x 50 mm to 70 x 70 mm. Since the area of FEP film has a lesser ef-
fect on the electrical output of AMF-TENG as the area exceeds
50 x 50 mm, the film area of 50 x 50 mm is used for further
experiments.

2.4. Output performance under various external excitation conditions

To explore the working performance of the AMF-TENG under various
external excitation, the effect of main excitation parameters on the
electrical output is investigated. Fig. 4a depicts the relationship between
the excitation parameters (i.e., frequency (f), amplitude (A), and
maximum acceleration (an)). As shown in Fig. 4b, ¢, and Fig. S9, the
Voe, Ise, and Qo of the AMF-TENG increase from 8.3 V, 1 pA, 5.1 nC to
344V, 43.5 pA, 166 nC as the amplitude of external excitation increases
from 1.2 to 5.0 mm. This phenomenon is that the increase of amplitude
leads to a larger displacement distance (Ax) and acceleration (an) ac-
cording to Eq. (4). Then, the effect of the frequency of external excitation
on the electrical performance of the AMF-TENG is studied at the accel-
eration of 20 m/s%. As shown in Fig. 4d, the V,. of the AMF-TENG rea-
ches 320 V at the f = 45 Hz. Then the electrical output of the AMF-TENG
decreases with the frequency varying from 45 Hz to 70 Hz. The reason
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for this phenomenon is that the V, is influenced by both the (Ax) and
Qoc. According to Eq. (2), the amplitude decreases with increasing fre-
quency as the acceleration is fixed. However, the Q, increases from 5 nC
to 168 nC as the frequency varies from 5 to 45 Hz as shown in Fig. 4e,
which results from the enlarging of the effective contact area between
the FEP film and conductive fabrics. Then the Q,. almost remains con-
stant while the frequency continues to increase, indicating the contact
area has achieved the maximum. Therefore, the V,. of AMF-TENG is
optimal at the f = 45 Hz and then decreases. As shown in Fig. 4f, the I,
of the AMF-TENG is enhanced from 0.7 pA to 66 pA with the frequency
varying from 5 to 70 Hz, which can be attributed to the increase of both
Qoc and the frequency. More notably, the minimum values of V, I, and
Qo generated by AMF-TENG are 66 V, 9.2 pA, and 50 nC in a frequency
range from 15 to 70 Hz, which indicates that the AMF-TENG can
generate electrical output in a broadband frequency range.

Fig. 4 g-i shows the V., I, and Q,. of AMF-TENG dependent on the
vibration acceleration and the frequency, respectively. The V., I, and
Qoc of the AMF-TENG are improved as the excitation frequency is
enhanced from 20 to 40 Hz at the fixed acceleration, which is consistent
with the experimental trend above. Besides, the output performance of
the AMF-TENG improves with the excitation acceleration at the fixed
frequency. The reason can be explained that the amplitude of FEP film
increases with the excitation acceleration under the constant frequency
according to Eq. (2). It is believed that the AMF-TENG exhibits a great
perspective as a VES in many fields due to the merit of high adaptability

() (b),
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in frequency.
2.5. Demonstration of the AMF-TENG

Based on the excellent performance of the AMF-TENG studied above,
to further demonstrate the application of AMF-TENG as a VES. As shown
in Fig. 5a, as the I, of AMF-TENG decreases with the rise of resistance,
the output power density of 622.59 W/m® is maximized while the
resistance of 4 MQ. Then the AMF-TENG is applied as a VES to charge
the various capacitors. As shown in Fig. 5b, different capacitors are
charged to 3 V by TENG, although the time required for charging in-
creases as the amplify of capacitor value, the 1000 pF capacitor only
requires about 300 s to be charged to 3 V, which indicates that AMF-
TENG has excellent performance to charge the capacitors.

To verify the durability of AMF-TENG, the V. of the AMF-TENG is
tested under the fixed vibration acceleration of 40 m/s? for 3 continuous
weeks. As shown in Fig. 5¢, the V. is almost invariable, indicating the
robustness and sustainability of AMF-TENG. As shown in Fig. 5d and
Supplementary Movie S2, a temperature and humidity sensor is capable
of continuous operation after a 1000 pF capacitor is charged to 3 V by
the AMF-TENG. The detailed power management circuit is shown in
Fig. 5e, to power the electronics requiring direct current input, the
electricity generated by the AMF-TENG should be rectified by a rectifier
bridge to charge a capacitor. The Fig. 5f and Supplementary Movie S3
illustrate that the AMF-TENG is successfully demonstrated to light up
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36 x 0.5 W LEDs connected in series, which indicates that the AMF-
TENG is capable of continuously powering the electronics. To further
investigate the electrical output performance of AMF-TENG under
actual machine vibration, as shown in Fig. 5g the AMF-TENG is fixed to
the air inlet pipe of diesel engine (the model is 6BT5.9-GM83 and rate at
950 rpm/min) that can generate an external excitation of 21 m/s® and
the test platform was constructed. Fig. S5h shows the values of voltage,
current and charge generated by AMF-TENG under actual machine vi-
bration are 270 V, 30 pA, and 120 nC, which indicates that the AMF-
TENG has excellent electrical output performance under actual ma-
chine vibration. As shown in Fig. 5i and Supplementary Movie S4, the
AMF-TENG is proven to power temperature and humidity sensors
continuously under actual machine vibration. In brief, the AMF-TENG
provides a new method for efficiently scavenging vibration energy
under actual machine vibration to continuously powering the sensor.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108182.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108182.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108182.

3. Conclusion

In summary, an additional mass film structure triboelectric nano-
generator has been developed and investigated for scavenging broad-
band vibration energy with the merits of simple structure, small volume,
and high power density. To explore its working mechanism, the theo-
retical model of AMF-TENG is created. The electrical output of the AMF-
TENG is efficiently improved by optimizing the main structural pa-
rameters, such as the number, area of the additional mass, and the
permeability of the supporting frame, etc. The experimental results
indicate that additional mass can improve the amplitude of the FEP
membrane by 3.4 times, which enhances the V. by 25.5 times, and with
the utilization of hollow frame, the V,. of AMF-TENG is 150% higher
than the enclosed frame. Further, the output performance of AMF-TENG
under various vibration conditions was systematically investigated. The
AMF-TENG shows good electrical performance in broadband frequency
range from 15 to 70 Hz. The output of AMF-TENG augments gradually
with the excitation amplitude and acceleration. The AMF-TENG can
generate a maximum power density unit volume of 622.59 W/m?®.
Finally, the AMF-TENG has been demonstrated lighting the 36 x 0.5 W
commercial LEDs and powering a temperature and humidity sensor
continuously under actual machine vibration. Therefore, the AMF-TENG
has exceptional potential application in broadband vibration energy
scavenging fields.

4. Experimental section
4.1. Fabrication of AMF-TENG

The AMF-TENG consists of additional mass, an FEP film (30pm), a
conductive fabric, and a frame (1 mm in thickness) printed by a 3D
printer. The additional mass is fixed to the FEP film by using insulating
double-sided tape, which is used to avoid the performance of the elec-
trodes being affected. Copper wires have adhered to the conductive
fabric and conductive ink respectively as signal acquisition lines. The
frames were compared using three models: enclosed, hole, and voided.
Conductive fabrics and FEP films were tested with areas of 30 x 30 mm,
50 x 50 mm, and 70 x 70 mm. The additional mass with diameters of
20, 25, and 40 mm and different quantities were used for the
experiments.

4.2. Observation of movement of the film

The motion of FEP film is observed by applying a high-speed camera
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(PHANTOM V2012:20-28 VDC INPUT-10 AMP MAX@24VDC) and PCC
3.7 software. The vibration displacement of the FEP film is observed by a
laser displacement sensor (HG-C1100) and Keithley 6514 electrostatic
meter.

4.3. Electrical output measurements

The AMF-TENG is fixed to an electrodynamic shaker (JZK-20) with
the frequency and amplitude regulated by a functional signal generator
(YE1311) and an amplifier (YE5852), respectively. Acceleration is
measured by a commercial smart 6-axis Bluetooth 2.0 accelerometer
(BWT61CL) and real-time display on the computer through MinilMU
software. The electric output signals (Vy, I, and Q,.) were measured by
an electrometer (Keithley 6514).
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