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Triboelectric nanogenerators (TENGs) have great potential to alleviate the energy crisis. The contact separation
mode of TENGsS is one of the most fundamental and common modes of working. For improving the output signal
of contact separation TENGs, previous researchers have adopted strategies such as surface microstructure
treatment, multilayer design, and additive pump design. All of these strategies aim to increase the surface charge.
Here, we propose a new strategy aimed at increasing the charge transfer speed, provide new paths for improving

the output signal, and develop a lever-inspired contact separation TENG (Li-TENG). The contact separation speed
can be varied by changing the lever ratio. As the magnification increases from 22 to 50 times, the voltage of Li-
TENG increases from 91 V to 232 V. As self-powered pulse sensor, the Li-TENG measured a pulse signal of 12.3 V
without surface microstructure treatment. This work shows great potential for improving the signal of contact-
separation TENG-based self-powered sensors and energy harvesting devices.

1. Introduction

Recently global energy has become increasingly scarce. Triboelectric
nanogenerators (TENGs), first proposed in 2012 [1], can collect me-
chanical energy extensively through contact initiation and electrostatic
induction, and have great potential in alleviating the energy crisis. After
some years of development, TENGs have shown a wide range of appli-
cations in self-powered sensors [2] and mechanical energy harvesting
[3]. TENGs have four basic modes of working: lateral sliding mode [4,5],
contact-separation mode [6-10], freestanding triboelectric-layer mode
[11-13], and single-electrode mode [14,15]. Due to the advantages of
high instantaneous output power, simple preparation and design, and
easy multilayer integration, the contact-separation mode has become
one of the most fundamental and common modes of working.

Many works have been made by previous researchers for improving
output signal of contact-separation TENGs. For example, for increasing
the surface charge density, it is common to microstructure the friction
layer surface [16-19]. For contact-separation TENGs with abundant

space, multilayer designs have also been used to increase the area for
storing charge [20-24]. Another recent novel approach is adding a
pump to the TENG for overcoming the limitation of the maximum sur-
face charge density of the friction layer [25-28]. The strategies
mentioned above are all aimed at increasing the surface charge. The
magnitude of the output signal is related not only to the amount of
charge transfer but also to the charge transfer speed.

Here, we propose a new strategy aimed at increasing the charge
transfer speed, provide new paths for improving the output signal, and
develop a lever-inspired contact separation TENG (Li-TENG). By varying
the lever ratio to change the contact separation velocity, the signal
output can be significantly increased without changing the charge
transfer amount. To accommodate the unique rotational motion of the
lever, we designed the upper friction layer in the curved shape and
investigated the electrical and mechanical properties of the curved-
shaped friction layer under different compression strains. When the
magnification was increased from 22 to 50 times, the voltage of Li-TENG
increased from 91 to 232 V and the maximum power from 83 to 1031
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pW. As self-powered pulse sensor, the Li-TENG measured a pulse signal
of 12.3 V without surface microstructure treatment, which is much
higher than other literature [16-18,29-37]. This work demonstrates a
new strategy for improving the signal of contact-separation TENGs,
which has great potential for improving the signal of contact-separation
TENG-based self-powered sensors and energy harvesting devices.

2. Experimental section
2.1. Fabrication of Li-TENG

The main bar made of Stereolithography (SLA) material was pro-
duced using 3d printing (Mohou Co. Ltd., China). The geometry di-
mensions of the main bar are shown in Fig. S1. The holder and other
accessories were made by laser cutting acrylic (PLS4.75, General laser
Systems, USA). The main bar and the holder are connected with bearings
and acrylic glue. A layer of silver (Ag) electrode was sputtered on a 25
mm x 25 mm x 50 pm Polyimide (PI) film using magnetron sputtering,
and a layer of 25 mm x 25 mm x 50 pm fluorinated ethylene propylene
(FEP) film with adhesive on one side was glued on top of the Ag elec-
trode. The curved upper friction layer was obtained by fixing the pre-
compressed PI-Ag-FEP at both ends with double-sided adhesive on the
acrylic plate. The lower friction layer was obtained by gluing a 35 mm x
35 mm x 20 pm aluminum (Al) foil to the 35 mm x 35 mm x 3 mm foam
with double-sided adhesive, and then gluing a 35 mm x 35 mm x 50 ym
Nylon film with adhesive to the Al foil. The upper friction layer and the
lower friction layer were mounted on the main bar and the holder
respectively with acrylic bolts and nuts.

2.2. Characterization and measurements

A mixed domain oscilloscope (Tektronix MD0O3024) with a 100 MHz
high voltage differential probe (Tektronix THDP0100) was employed to
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measure the voltage of the Li-TENG. Movement of the upper friction
layer and Li-TENG is controlled by a linear motor (Linmot E1100).

2.3. Finite element analysis (FEA) simulation

ABAQUS was selected to analyze the bending of the main bar of Li-
TENG and the uniaxial compression behavior of the upper friction
layer. SLA and PI were treated as linear elastic material with their elastic
modulus and Poisson’s ratio of 2.6 GPa, 0.34, 2.5 GPa, 0.34, respec-
tively. FEP was treated as an ideal elastic plastic material, whose elastic
modulus, Poisson’s ratio and yield stress were 480 MPa, 0.4 and 12 MPa
respectively. SLA adopted the hexahedron elements C3D8R, and PI and
FEP adopted the shell element S4R.

3. Results and discussion
3.1. Fabrication and working mechanism of Li-TENG

We assembled a Li-TENG that can be used for pulse measurement,
which is shown schematically and physically in Figs. la and S2,
respectively. Laser-cut acrylic was used as the holder. 3D printed SLA
was used as the main bar. The holder and the main bar were connected
to each other with a pivot point assembled by a bearing. The front end of
the main bar is used as the driving end and is in contact with the object
under test. A spring (~0.18 N/mm) was installed between the main bar
and the holder near the pivot point. An upper friction layer and a lower
friction layer are installed at the end of the main bar and the end of the
holder, respectively. The upper friction layer is divided into three layers,
the upper is the support layer made by PI film, the middle is the
conductive layer made by Ag electrode, and the lower is the friction
layer made by FEP film. The lower friction layer is divided into three
layers, the upper is the friction layer made by Nylon film, the middle is
the conductive layer made by Al foil, and the lower is the buffer layer

i Vetal

Metal 1 wl;Q
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Fig. 1. Model diagram and schematic diagram of Li-TENG. (a) Model diagram of Li-TENG. (b) Schematic diagram of angular velocity. (c) Schematic diagram of

TENG current.
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made by foam.

As shown in Fig. 1b, the lever rotates around the fulcrum with an
angular velocity ®. The distance of the front end from the fulcrum is Iy.
And [ is a constant value equal to 5 mm. The distance of the end from
the fulcrum is l;. Then the magnitudes of the front-end velocity v¢ and
the end velocity v; are wly and wl;, respectively. Thus, the lever can
amplify the velocity by a factor of I/ lp. The contact separation TENG
has a characteristic that its short-circuit transfer charge has a tendency
to saturate. When the separation distance between the upper and lower
friction layers increases from 0 to 10 dy, the short-circuit transfer charge
will be a rapid increase to 90% of the saturation value. d is the sum of
the ratio of the thickness of all the dielectric materials between the two
electrodes and their relative dielectric constants, which belongs to the
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same order of magnitude as the thickness of the friction materials. For
ease of understanding, we have simplified here by treating the trans-
ferred charge Q as a constant value that does not vary with time. The
current is the ratio of the transferred charge and the time, so increasing
the speed of motion can increase the current (Fig. 1c). The voltage
except for the open circuit voltage is proportional to the current.
Therefore, the lever structure design can significantly increase the cur-
rent and the voltage except for the open circuit voltage. For the conve-
nience of the description, the voltage except for the open circuit voltage
is referred to as the voltage in the following. In fact, the transferred
charge Q is a function about time, which was derived in detail by Niu
et al. [38]. They found that the short-circuit current is linearly and
positively related to the speed. During the actual measurement, the
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Fig. 2. Electrical testing and mechanical analysis of curved friction layers. (a) Geometric configuration of the curved friction layer. (b) Relationship between
deflection angle and amplitude. Voltage signals at (c) different deflection angles and (d) different applied strains. (e) Voltage waveform signals under different
strains. (e) Stress distributions of curved friction layer under different strains by FEA. Force-strain curves at (g) different PI thicknesses and (h) different amplitudes of

the curved friction layer.
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small resistance load is also considered as a short-circuit current [39].
The current in this case is also positively correlated with the speed.
Although the relationship between current and speed changes as the
resistance increases. During the actual measurement, the current under
the small resistance load is also considered as short-circuit current. The
current in this case is also positively correlated with the speed. Although
the relationship between current and speed changes as the resistance
load increases, we infer that there must exist a certain range under
which the current is positively correlated with the speed. This is
confirmed by the experiments later in this paper.

3.2. Electrical performance and mechanical analysis of curved friction
layers

According to the principle of TENG, voltage and contact area are
positively correlated. The motion of the lever structure is a rotary mo-
tion, not a conventional vertical motion. If the shape of both friction
layers is planar, then only at a specific angle of rotation will there be
face-to-face contact, in all other cases it will be line-to-surface contact,
and the contact area under line-to-surface contact will be almost zero. In
order to enable Li-TENG to achieve face-to-face contact within the wide
range of deflection angles without external adjustment, we designed one
of the friction layers - the upper friction layer - as a curved structure, as
shown in Fig. 2a. The upper friction layer of original length L is fixed at
both ends and subjected to compression at a distance of AL, and the
overall buckling occurs. Its vertical displacement w and horizontal
displacement u are shown in Eq. (1) [40,41],
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where A = (2/7),/EqpliedsEapptied = AL/L is the applied strain. The
allowed deflection angle o varies at different amplitude A. The ampli-
tude A is varied by changing the applied strain with the same original
length of the upper friction layer. Fig. 2b shows the deflectable angle o
for different amplitude A with the same original length L of the upper
friction layer. As the amplitude A increases, the deflection angle o can be
increased. In this work, we conducted all experiments with an upper
friction layer with L = 19mm, AL = 1lmm and A = 2.78mm. As shown in
Fig. 2c, the voltage of the upper friction layer is also different at different
deflection angles a. As the deflection angle increases, the voltage is
decreasing. Even when the voltage drops to the minimum, its magnitude
is more than 50% of the maximum when the deflection angle a is the
maximum deflection angle. Physical diagram of the voltage test with
different deflection angles o is shown in Fig. S3.

The upper friction layer of the curved structure is deformed when it
is compressed, and the voltage changes under different compression
strains (Fig. 2d, e). We mounted the upper and lower friction layers on a
linear motor and made them perform contact separation motion at a
fixed speed (0.1 m/s). The physical diagram during the compression
experiments can be seen in Fig. S4. Since the stiffness of the upper
friction layer is much smaller than that of the lower friction layer, only
the upper friction layer is deformed in the process of their contact. The
voltage increases from 0% strain to 38% strain because the contact area
of the upper and lower friction layers is increasing as the compressive
strain increases. Here, the strain 0% refers to the case where the upper
and lower friction layers are just in contact. When the strain is 44%,
there is a slight drop in the voltage, which is because the contact area
becomes smaller due to the buckling that occurs. As the strain increases
from 44% to 71%, the contact area increases again and the voltage rises
again.

To better analyze the mechanical behavior of the upper friction layer
during the compression process. We simulated the deformation of the
upper friction layer under different compression strains with FEA. The
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contact area between the upper friction layer and the lower friction layer
is increasing from the initial state until the compression strain is 40%
(Fig. 2f). By the time the compressive strain is 60%, the upper friction
layer has been buckling at this time, but still continues to be compressed
and the contact area continues to increase. The FEA results show the
same behavior of compression, buckling, and recompression as the
compression experiments. The yield point of the friction material FEP in
the upper friction layer is 12 MPa. as can be seen in Fig. 2f, when the
compression strain is 40%, the FEP film exceeds the yield point and
enters a phase of deformation irreversibility. We investigated the force-
strain curve of the upper friction layer with different parameters using
finite elements. As shown in Fig. 2g, the compressive stiffness of the
upper friction layer is increasing as the thickness of PI increases. As
shown in Fig. 2h, the compressive stiffness of the upper friction layer is
increasing with the increase of the upper friction layer amplitude A. As
can be seen in Fig. 2g and h, there is an abrupt drop in force when the
applied strain is between 40% and 50%, which is due to the buckling of
the upper friction layer.

In order to drive Li-TENG even under micro force, we choose SLA
with a lighter density of 1.13 g/cm® as the material for manufacturing
the main bar. After the upper and lower friction layers come into con-
tact, the main bar can continue to rotate around the supporting point
because the bending stiffness of the main bar is not large. At this time,
the main bar will bend and the contact area of the upper and lower
friction layers will increase. Fig. 3a shows the Mises stress diagram at a
rotation angle of 18.9 degrees after the bending of the main bar. The part
with the most severe deformation is where the spring is installed (red
dotted box). The magnified view of this part (Fig. 3b) shows that the
Mises stress is a maximum of 38.4 MPa, while the stress strength of the
SLA is 38 MPa. There is a risk of fracture of the main bar when the
rotation angle exceeds 18.9 degrees. We investigated the relationship
between the rotation angle and the endpoint force of the main bar, as
shown in Fig. 3c, the endpoint force is increasing as the rotation angle
increases. The endpoint force is as large as the compression force on the
upper friction layer. The endpoint force at 18.9 degrees is 0.6 N, which is
less than the compression force when the upper friction layer is buck-
ling. Therefore, the main bar of this design can prevent the upper friction
layer from buckling.

3.3. Output performance of Li-TENG

Then, we investigated the effect of the contact separation speed on
the magnitude of the voltage of the Li-TENG. The Li-TENG was driven by
a linear motor to study the performance of the Li-TENG at different
speeds by setting the speed of the linear motor. The magnitude of the
voltage is increasing as the speed increases (Fig. 4a). The experimental
results are consistent with the theory. A fixed distance of travel is set for
the upper friction layer using the linear motor, and without the blockage
of the lower friction layer, the upper friction layer will continue to move
forward after reaching the set position due to inertia. When the linear
motor is moving at 0.001 m/s, we consider the upper friction layer to be
in quasi-static motion and will not move out of the set position due to
inertia. We define the position where the upper friction layer and the
lower friction layer are just in contact as the 0 mm position under quasi-
static motion. When the speed of the linear motor is 0.01 m/s, 0.03 m/s
and 0.04 m/s, and the position of the lower friction layer is —4 mm,
—20 mm and —30 mm respectively due to inertia, the upper and lower
friction layers are just in contact, as shown in Fig. 4b. When the speed of
the linear motor is constant, changing the position of the lower friction
layer will change the magnitude of the voltage. As shown in Fig. 4b, for
example, the voltage increases when the position of the lower friction
layer is changed from the position of —30 mm, which is just in contact,
up to the position of —4 mm, at 0.04 m/s. When the position of the lower
friction layer rises from —4 to 5 mm, the magnitude of the voltage enters
a plateau period and remains almost unchanged. When the position of
the lower friction layer rises from 5 mm to 10 mm, there is a slight
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decrease in the voltage. During the change of the position of the lower
friction layer, the voltage is maximum during the platform period.

We installed the upper friction layer at different positions of the main
bar to study the effect of different magnifications on the magnitude of
the voltage under the lever action. During the measurement at different
magnifications, the position of the lower friction layer was adjusted to
ensure that the maximum voltage appeared. The voltage increased from
91 V to 232 V when the magnification increased from 22 to 50 times
(Fig. 4c, d), indicating that the voltage can be significantly increased by
increasing the magnification under the design of the lever structure. We
also investigated the effect of magnification on power and optimal
impedance. As shown in Fig. 4e, the maximum power increases from 83
pPW to 1031 pW and the optimum impedance decreases from 17 MQ to
7.5 MQ as the magnification increases from 22 to 50 times. Fig. 4fand g
show the voltage power figure at 22 and 50 times of magnification,
respectively.

3.4. Li-TENG for mechanical analysis and pulse measurement
applications

Li-TENG is able to significantly increase the voltage by amplifying
the speed, which is suitable for TENG with small displacement and weak

signal. Pulse has a large force but small displacement, which is very
suitable for Li-TENG application scenario. Moreover, pulse monitoring is

a °
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very important in human health monitoring. We first analyze the force
on the Li-TENG during pulse monitoring, as shown in Fig. 5a. The pulse
has a force Fpyise on the front of the Li-TENG, which is used to drive the
movement of the Li-TENG. the selection of the spring in the groove of the
Li-TENG is important, which provides the spring force Fpring. The force
analysis also includes the gravitational force G of the main bar of the Li-
TENG and the electrostatic gravitational force Fejectrostatic Detween the
upper and lower friction layers. The pulse is wrapped around a skin
layer. The thicker the skin layer is, the more difficult it is for the pulse
force Fpylse to be transmitted to the Li-TENG. In addition to overcoming
the gravitational force G and the electrostatic gravitational force Fejec-
trostatics the spring has to compress the skin layer so that most of the pulse
force Fyyise can be transferred to the Li-TENG. However, the spring force
Fpring should not be too large, otherwise the pulse force Fyjse cannot
overcome the spring force Fping to drive the Li-TENG. At the same time,
the spring needs to choose a suitable stiffness, too little stiffness will
increase the volume of the Li-TENG, and too much stiffness will make
the displacement of the upper friction layer too small.

The dynamics model of Li-TENG is the single degree-of-freedom
(DOF) spring-mass-damper model, as shown in Fig. 5b. The equation
of motion of this simple vibration model is

(2)
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where ydenotes the sinusoidal movement of the upper friction layer
center of mass. m denotes the mass of the backpack. The stiffness k and
damping c are the equivalent spring constant and damping coefficient.
The combined force suffered can be expressed as F = Aom sin(wt), where
amplitude, radial frequency and time are given by Ao, wand t. The
natural radial frequency of Li-TENG is given by w, = /k/m. The steady-
state response of the upper friction layer can be expressed as Eq. (3)
below,

y = Asin(wt — ¢) 3)
dy B
i Aw cos(wt — ¢) )

where A is the amplitude of oscillation, ¢ is the relative phase shift of the
oscillation. Solving Eq. (2) gives A/Apand ¢ in Egs. (5) and (6) below,

A 1+ 4%

a4_ D 5

A (1 -o%) + 4" ®
3

tan ¢ = X0 (6)

1 - @ + 4"

where the amplitude ratio is given by ® = w/wp, and the damping ratio
is given byl = ¢/2mw,. Fig. 5c illustrates the curves of displacement,
velocity and time of the upper friction layer according to Egs. (3) and
(4). When the displacement of the upper friction layer is maximum, its
velocity magnitude is 0. Therefore, we cannot place the position of the
lower friction layer to the position where the upper and lower friction
layers are just in contact. We should adjust the position of the lower
friction layer to the middle of the movement of the upper friction layer,
so that the relative velocity of the upper and lower friction layers when
they are in contact is the maximum. Fig. 5d shows that the frequency of
the driving end has a great influence on the amplitude of the upper
friction layer according to Eq. (5). If the frequency of the drive end is
large, the amplitude of the upper friction layer will be small. Therefore,
Li-TENG is not suitable for voltage magnification under high frequency
motion.

We monitored the pulse signal from the right radial artery with Li-
TENG, and the physical picture of the test is shown in Fig. 5e. A video
of the test procedure is in Movie S1. Fig. 5f shows the specific pulse
signal. As shown in Fig. 5g [16-18,29-37], previous scholar has
increased the signal output by surface preprocessing, and the pulse
signal measured in this case was a maximum of 3.5 V [16], much smaller
than the 12.3 V of this work. demonstrating the great role of the lever
structure in signal magnification.

4. Conclusion

To summarize, we propose a new strategy to enhancement of the
signal by increasing the charge transfer speed and develop a lever-
inspired TENG. we investigate the electrical and mechanical proper-
ties of the curved friction layer under different compressive strains. As
the magnification increases from 22 to 50 times, the voltage of Li-TENG
increases from 91 V to 232 V. As self-powered pulse sensor, the Li-TENG
measured a pulse signal of 12.3 V without surface microstructure
treatment, which is much higher than other literature. This work shows
great potential for improving the signal of contact-separation TENG-
based self-powered sensors and energy harvesting devices.
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