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ABSTRACT: Great attention has been paid to nanogener-
ators that harvest energy from ambient environments lately. In
order to give considerable output current, most nano-
generators require high-velocity motion that in most cases
can hardly be provided in our daily life. Here we report a
notepad-like triboelectric generator (NTEG), which uses
simple notepad-like structure to generate elastic deformation
so as to turn a low-velocity kinetic energy into high-velocity
kinetic energy through the conversion of elastic potential
energy. Therefore, the NTEG can achieve high current output
under low-velocity motion, which completely distinguishes it
from tribogenerators previously reported. The factors that may
affect the output performance are explored, including the
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number of slices, active length of slice, press speed, and vertical displacement. In addition, the working mechanism is
systematically studied, indicating that the efliciency of the generator can be greatly enhanced by interconversion between kinetic
energy and elastic potential energy. The short-circuit current, the open-circuit voltage, and power density are 205 yA and 470 V
and 9.86 W/m?, respectively, which is powerful enough to light up hundreds of light-emitting diodes (LEDs) and charge a
commercial capacitor. Besides, NTEGs have been successfully applied to a self-powered door monitor.
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1. INTRODUCTION

Since the concept of nanogenerators was first proposed in
2006, it has been drawing attention from all over the world
because of its great potential for harvesting the energy from
ambient environments to provide power for small devices and
build self-powered systems.”” Therefore, more and more
researchers are devoting their time and energy to this field.
Generally, different types of generators are built based on the
piezoelectric effect,* ® pyroelectric effect,’ ™ and triboelectric
effect,"°~'? of which, the generator based on triboelectric effect
is most favored due to its high efficiency, easy fabrication, and
low cost. With the use of a triboelectric generator (TENG),
many kinds of mechanical energy have been successfully
collected from daily motion like airflow, !> waterﬂow,ls’lé
vibration,'”'® sliding,'”** and rotation®'™** and from energy
like sound** and biological energy.zs’26 Therefore, we could see
that TENG is a sort of efficient, cost-effective, and promising
device to harvesting energy from ambient environments.
However, in order to make generators produce considerable
current output high-velocity motion or large amplitude motion
is required in most cases. Apparently, usual daily motion like
the opening of doors, the rotating of taps, and the sliding of
drawers could never provide that high speed and persistence of
motion, which can not generate effective output and thus limits
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the application of triboelectric generators. So, it is a great
challenge for us to improve the TENG so as to make it widely
applicable in our daily life.

In this paper, we innovatively design a NTEG based on the
motion of spring lamination. The notepad-like spring
lamination of the NTEG is used as an energy storage and
conversion device, in which, the kinetic energy of low speed
motion is first transformed into elastic potential energy through
elastic deformation stored in the device, and then the elastic
potential energy released is to be transformed into the kinetic
energy of high speed motion. Thus, high output current is
obtained. Moreover, the unique flexible notepad-like structure
could not only effectively realize the conversion of low speed
motion to high speed motion but also broaden the application
of the TENG greatly. However low the speed is, the TENG can
be used to collect energy from sources such as vibration, sliding,
and rotation. The working mechanism and performance in
different conditions are elaborately illustrated. The maximum
output current, open-circuit voltage, and power density are
obtained as much as 205 uA, 470 V, and 9.68 W/m?
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respectively. Besides, the NTEG can be used to light up
hundreds of LEDs and to charge commercial capacitors
successfully, and it can also be applied to a self-powered door
monitor, which could monitor the door from a distance. The
NTEG has great potential in smart home sensing, medical
infrastructure/environmental monitoring, defense technology,
and personal electronics. It presents a great progress in the
structure design of the nanogenerator for its practical
applications.

2. EXPERIMENTAL SECTION

2.1. Fabrication of Notepad-liked Triboelectric Generator
(NTEG). Figure la illustrates the structure of NTEG, which is
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Figure 1. (a) Schematic diagram of the notepad-like triboelectric
generator (NTEG) and (b) enlarged view of the red dotted part. (c)
Digital photograph of the NTEG.

composed of stacked steel slices fixed on one end and free on the
other end. At the fixed end, 2 cm is spared to attach copper wires and
are gripped by a clamp. The slices are in different lengths and form
steps at the free end to make sure that the slices can be separated
effectively when a force is applied on the end. The enlarged view of the
slices is shown in Figure 1b, which illustrates that the spring
laminations are made up of bare metal slices and the metal slices
covered with PTFE on their surfaces. The two kinds of slices are
alternately stacked together. All the bare metal slices are connected
together to form a M electrode. The metal slices covered with PTFE
are connected by copper wires to form a P electrode. Both top and
bottom slices are M electrodes, as shown in Figure la and c.

M Electrode. An M electrode is composed of exposed metal slices.
In this experiment, the metal slices are made of spring steel, which has
good flatness, good elasticity, a well polished surface, and fatigue-
resistance. We cut the commercial metal slice (width 25 mm, length
5000 mm, thickness 0.08 mm) into lengths (94, 98, 102, and 106
mm), and then after ethanol spray treatment and being dried at 40 °C,
we connect those slices together with copper wires, of which, one is
taken out as the electrode.

P Electrode. We cut the slices into lengths (96, 100, and 104 mm).
After ethanol spray treatment and being dried at 40 °C, each metal
slice is covered on both faces with commercial PTFE (thickness 0.1
mm) as electrets using double-sided adhesive (thickness 0.1 mm). All
the wires are covered with insulated layer to prevent short circuiting.

2.2. Characterization of NTEG. The output performance of the
NTEG is measured using a Stanford low-noise current preamplifier
(Model I SR570) and a Data Acquisition Card (NI PCI-6259). Figure
S1 schematically shows the measuring system. In the experiment, we
use iron support and clamp to hold the NTEG horizontally. A fan
blade fixed on a rotating motor (S1K40RA-G) hits the slices
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periodically at different rotating speeds that produces different hitting
frequency (Figure S1). The length between A and B is active length I
(Figure 2a and Figure S2). The distance between the acting point of
the blade and the end of the shortest metal slice is defined as the
hitting position H (Figure S2), which affects the vertical displacement
x.

3. RESULTS AND DISCUSSION

3.1. Working Mechanism of NTEG. Electret PTFE film
could hold charges (charge densities up to 5 X 10™* C/m? with
a theoretical lifetime of hundreds of years).”” The electricity of
the TENG originates from the mechanical motion based on
triboelectrification and electrostatic induction: the periodic
contact and separation between two different medium with
opposite charges change the induced potential difference across
the two electrodes and thereby drive the alternating flow of
electrons through an external load.'®*®**° Figure 2 demon-
strates the electricity generation process in details. Before
experiment, the NTEGs have been hit for several times;
therefore, the rubbed electret PTFE holds negative bound
charges and the neighboring electrodes with the same quantity
of positive charges. After being bent down by vertical press
(Figure 2a), the slices harvest the mechanical work and then
store it as elastic potential energy. At this stage, no current
output is observed. As shown in Figure 2, the left or right arrow
of the ampere meter stands for the current and its direction.
When the arrow points upward, it means that there is no
current. When the first slice of M electrode is released, the
potential difference generated around the PTFE forces the
positive charges on the M electrode to flow to P electrode
through the external circuit (Figure 2b). That means the free
electrons flow to M electrode from P electrode, and thus
reverse current is generated. When the second slice of the P
electrode is released (Figure 2c), the positive charges on the
third slice flow to P electrode to offset the potential difference
through the external circuit. Then the second released slice (P
electrode) bounces abruptly and hits the first slice (M
electrode) forcefully at a high speed. Thereby, positive charges
are induced in the M electrode very quickly (Figure 2d) and
free electrons flow from the M electrode to P electrode,
generating a high pulse current. When the third slice is released
(Figure 2e), the positive charges in the M electrode flow to the
P electrode. Then the third released slice (M electrode) hits the
second slice (P electrode) (Figure 2f), meanwhile, forward
pulse current is generated. The subsequent process of release
and hit goes the same as before until the last slice of M
electrode. As there is no PTFE below it when the last slice is
released, no reverse current is generated at the moment the last
slice is released (Figure 2g). Subsequently, when the last slice
hits the second last slice, high output current is generated just
like before. Figure 2h shows the wave pattern of NTEG output
current when the device of seven slices is pressed at lower
speed where the current at a—g points corresponds to the each
state in Figure 2a—g. The wave pattern illustrates that NTEG
could produce numbers of pulse current as big as 44 yA when
the speed is slow. Therefore, we could see that NTEG has a
great potential to generate high output current under low speed
motion, indicating the electromechanical conversion efficiency
is greatly enhanced.

The alternate current in the external circuit is caused by the
alternately separation and contact of M and P electrodes. The
value of the transferred charges of every separation and contact
could be given by formula I:
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Figure 2. Working principle of the NTEG. (a—g) Schematic diagrams of the charge distributions and current direction when the slices move in one

period. (h) Current—time plot corresponding to the a—g process.

Q = acla (1)
The generated current could be given by formula 2:
_AQ _ acla _ avola
At d/v d )

where o0, [, and 4, respectively, represent the surface triboelectric
charge density, the average active length of spring slices, and
the width of the slices (25 mm). The coefficient a in formula 1
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represents the ratio of the actual working length L to the
average active length @ = L/I, which is related to the separation
of slices near the fixed end (Figure S2). To simplify the charge
induction process of separation and contact, two approxima-
tions are used. One is that the slices are separated and
contacted in parallel mode when they are in a small gap. The
other one is that the effective range of the charge induction is a
constant of d (Figure S2). Thus, we get formula 2, where v
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Figure 3. Possible four states of NTEG. (al—d1) Structure diagrams of the four states. (a2—d2) Corresponding output current of the four states.
(a3—d3) Corresponding enlarged output current of the four states in marked squares.

represents the relative speed of two slices separating and
contacting. The reason why the forward current is much higher
than that of reverse current is that the relative speed of contact
is faster than that of separation. When the lower slice contacts
the upper slice, the speed of the lower slice generated from the
kinetic energy which is converted from large elastic potential
energy is relatively high.

3.2. Factors that Influence Output Performance.
3.2.1. Hitting Speed. It could be observed that when the
blade hits the NTEG, there exist four situations, as shown in
Figure 3: (A) When the blade moves very slowly, each slice
could be well separated in turn and the current wavebands
generated by the slices would not affect each other (al—a3).
(B) When the blade moves a little faster, the moment one slice
is released, the slices that are released before it are still
bouncing to the balanced position (b1). From the enlarged plot
of current—time in unit period (b2 and b3), we can observe
that the superposition of some reverse currents generated by
the initial separation that are not affected by the collisions of
subsequent released slices increases the reverse current output.
On the one hand, due to the superposition of the forward
current generated by the collisions of the slices released before
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and the reverse current generated by the separation of the
subsequent released slices, the peaks of a few initial forward
current pulses are decreased. On the other hand, the
superposition of forward current generated by the collisions
of the last a few released slices increases forward current pulses
(b3) which are not affected by the reverse current generated by
separation. (C) When the speed of the blade keeps increasing
and then reaches a point, a critical state will emerge. When the
last slice is released, the first released slice just arrives at
balanced position. In this case, all the slices separate each other
to a maximum degree (cl). After the last slice is released,
because the releases and the collisions go separately, the
forward currents superimpose the forward currents, and
similarly, the reverse currents superimpose the reverse ones
(c2 and ¢3). Thus, theoretically, we have the biggest output.
We call this process optimal separation state. (D) On the basis
of optimal separation state, we further increase the speed of the
blade. Under this circumstance, when the last slice is released,
the first released slice has not reached the balanced position yet,
which makes the slices of electrodes much too dense (d1).
Even though output pulse currents are further superimposed,
the near fixed side of the electrodes could not separate
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effectively, and the actual working length L becomes shorter,
which means that @ is smaller. And according to formula 1, the
value of transferred charges becomes smaller in unit period.
Therefore, much too fast hitting speed on the slices is not good
for the increase of output (d2 and d3). In conclusion, the speed
of the blade affects the output greatly. It is of great importance
to take a deep research into how the hitting frequency on the
slices influences the output. Besides, we find that the stronger
oscillated waveform emerges before the main waveform as the
frequency increases, which is caused by the blade hitting.
Therefore, the stronger oscillated waveform is attributed to the
higher hitting frequency. And later the gradually diminishing
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oscillating current is caused by residual oscillation, which
increases the output and the value of transferred charges in unit
period. Since all the slices leave the equilibrium position in a
gradually reduced velocity and return the equilibrium position
in a high velocity during the residual oscillation, the forward
current pulses are much higher than those of the backward
currents (Figure S3).

3.2.2. Number of Slices. The number of slices determines
the number of pulse currents and the quantity of the transferred
charges in one period, and it also indirectly affects the peak
value of the output currents. Therefore, slice numbers of 3, 7,
and 11 have been fabricated for the NTEG to test the output
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Figure 6. (a) Output current and voltage and (b) the output power under different external loads. (c) Output current of the 11-slice NTEG. (inset)
Photography of driving LEDs using this NTEG. (d) Voltage curve of the capacitor charged by the NTEG. The left up-corner and the right bottom-
corner insets give enlarged plots during charging and the equivalent circuit for charging and lighting the LEDs. The other two insets exhibit the

photographs of the lit LEDs during the charging.

performance at different frequencies. The results are shown in
Figure 4, where the 3D graphs are all smoothened by bilinear
difference arithmetic (Figure 4a and b). Four 2D graphs derived
from these two 3D graphs by projecting are depicted in Figure
4al, a2, bl, and b2, revealing the output current and the
quantity of the transferred charges in unit time at different
frequencies and with different slice numbers, respectively. As
shown in Figure 4a—a2, by increasing the number of the slices,
performance can be greatly improved. However, the frequency
for the NTEG with different slice numbers to reach the
respective optimum output state is different, and the larger the
slice number, the higher the frequency needed. Thus, it is
verified that the maximum output performance is reached in the
state of optimal separation of slices (Figure 3c). The time for
the first slice to return to the equilibrium position is nearly the
same for the different number of slices. In order to reach the
state of optimal separation, all electrodes have to be released
just as the first slice returns to the equilibrium position;
therefore, the faster blade speed is required (higher frequency).
Besides, at frequencies of 1, 1.5, and 2 Hz, respectively, the
short-circuit currents of NTEGs with electrodes of 3, 7, and 11
reach their maximum values of 39.5, 101, and 145 uA,
respectively. As shown in Figure 4b—b2, with the increased slice
numbers and frequencies, the transferred charges in unit time
increases linearly. The same result appears by shortening the
actual active length (Figure S4).

3.2.3. Hitting Position. The influence of the hitting position
H (Figures 3a and S2) and the active length [ of the NTEG
with seven slices on its output performance are shown in Figure
5. To better illustrate the shaded part, the contour map is added
to the X—Y plane. Four 2D graphs derived from these two 3D
graphs (Figure Sa and b) by projecting are depicted in Figure
Sal, a2, bl, and b2, revealing the output current with different
H and active lengths, respectively. As shown in Figure Sa—a2,
with increase in H (increase in pressed displacement x) and
frequency, the output current increases at the beginning and
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then decreases. Besides, the maximum values occur at H= 1.5
cm and at the frequency of 1.5 Hz respectively in most cases.
Thus, the later experiments are all conducted at H = 1.5 cm.

Obviously, the slices move faster at larger press displacement
x after they are released. Consequently, both too larger x and
hitting frequency would result in overtense of the slices to
reduce the output as shown in Figure Sa—a2. Furthermore, we
have carried out tests for NTEGs with 3 and 11 slices, and the
results have further verified our theory (Figure SS).

3.2.4. Active Length. Figure Sb—b2 show the experimental
data obtained by the comparative experiments of changing the
active length of the seven-slice NTEG. As shown in Figure Sb,
the output current decreases as active length increases from 5
to 7 cm at frequency of 1 Hz, indicating that shorter slices get a
higher speed after being released from the same press
displacement. However, such increase of output by shortening
the active length is only in a small range as too short slice will
greatly reduce the working area. On the other hand, the output
current first decreases and then increases with an increase in
active length at low frequency, while at high frequency, it
decreases monotonically with an increase in length. The slices
with different active lengths reach the respective optimum
output state at different frequencies. With the larger number of
slices, the optimal separation state appears at higher hitting
frequency, which is demonstrated by the measurement on 3-
slice, 7-slice, and 11-slice NTEGs, as shown in Figure S6.

3.2.5. External Loads of NTEGs. It is indispensable to
investigate the actual output power in order to check the
efficiency of the NTEG. Resistors are used as external loads. As
shown in Figure 6, for the 11-slice NTEG with an active length
of 6 cm at frequency of 2.5 Hz and the hitting position of 1.5
cm, the short-circuit current and open-circuit voltage reach 205
UA and 470 V, respectively, with a load resistance of 101 MQ
(Figure S7). The current amplitude decreases with an increase
in load resistance, while the voltage rises up conversely. As a
result, the peak power density achieves 9.68 W/m” at a load
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Figure 7. Structure diagram of the self-power door monitor. The four insets are the digital photographs of the corresponding states and its lit LEDs.

resistance of S MQ as is displayed in Figure 6b. In comparison
with the previous triboelectric nanogenerators, the NTEG’s
performance is greatly enhanced with a greater output current
and a higher power density. It demonstrates great advantages of
the generators using elastic potential to enhance its energy
conversion efficiency.

3.3. Practical Applications. 3.3.1. Powering Commercial
LEDs. To test the capacity of NTEG as a power source, we use
the 11-slice NTEG to drive commercial LEDs directly, as
displayed in Figure 6¢, in which we can see that the output
current can reach as high as 205 pA. Two rows of LEDs
connected in series are lit up simultaneously, as can be seen in
the inset. The bright light of these LEDs implies the high
energy density output of the NTEG.

3.3.2. Charging Commercial Capacitors. When the NTEG
harvests the energy from moving objects, it could produce high
pulse currents. Therefore, we cannot use the high output
voltage and alternating current pulses to directly power electric
devices in many cases, as those devices often need a constant
and low bias. Storage units such as a supercapacitor,®
capacitor,”** or battery can store the pulse energy and later
provides a supply of regulated power. Here, we choose a
commercial capacitor (47 uF) for energy storage which is
charged by the 11-slice NTEG with an active length of 6 cm at
a frequency of 2.5 Hz. As shown in Figure 6d, it demonstrates
the charging voltage—time signals of the capacitor connected
with two LEDs, from which we can observe that the capacitor is
charged from 0 to 4.2 V within 30 s and simultaneously powers
the two LEDs. The lower inset depicts the equivalent circuit
loop and the upper inset is the enlarged plot of the voltage
curve, where the stepped increase in the voltage corresponds to
the separation and contact of the electrodes. The two digital
photographs in Figure 6d exhibit the two LEDs in charging
state.

3.3.3. Application of a Self-powered Door Monitor
System. Harvesting energy of different forms is of great
importance for triboelectric generators, which is featured by
harvesting energy from ambient environment, such as the
motion of doors, the rotation of taps, and the drawing of
drawers. The NTEG can harvest not only the mechanical
energy from fan blade rotating but also from translation motion
and vibration. To testify this capacity, a frequently opened and
closed door is chosen as the power source, as it has the features
of translation motion and vibration. The NTEG is successfully
applied to door monitor, which works by monitoring the states
of doors in real time. In the experiment, we put two NTEGs
back to back with PVC in the middle as the insulated material
to prevent the NTEGs from affecting each other. NTEGs are
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fixed on the doorframe, with the door as a blade hitting the
slices back and forth. As shown in Figure 7, the wires connect
two NTEGs to the door monitor circuit. When the door is
opened or closed, it hits the corresponding NTEG, generating
respective currents, which light up the corresponding LEDs
after rectification. The photographs show the working state of a
real NTEG in the inset in Figure 7, from which we can observe
that the LEDs of door monitor work without any external
power supply. The whole harvesting process demonstrates that
the NTEG can convert the energy of the movement of a door
to electrical energy without affecting the regular use of the
door.

Based on the investigations of the output performance of the
NTEG in different conditions, the NTEG has great potential
application in harvesting energy of different forms from the
ambient environment to drive a self-powered system.

4. CONCLUSIONS

A notepad-like triboelectric generator has been designed and
fabricated which can achieve high current output under low-
velocity motion by utilizing spring lamination. The elastic
potential energy is employed to efficiently convert low-velocity
motion to high-velocity motion to improve electromechanical
conversion efficiency. The notepad-like structure design enables
the generator to harvest energy from rotation, translation, and
vibration from the ambient environment. The working
mechanism is discussed in detail. In addition, the factors that
may affect the output performance have been investigated by
changing the related parameters including the number of slices,
active length, applied frequency, and press displacement.
Through these experiments, the maximum short-circuit current,
open-circuit voltage, and power density are achieved to be 205
UA, 470 V, and 9.68 W/m? respectively. Compared with the
previous triboelectric nanogenerators, the NTEG’s perform-
ance is greatly enhanced with a greater output current and a
higher power density due to its high electromechanical
conversion efficiency. The NTEG can be used to light up
more than 200 LEDs, to charge capacitors to 4.2 V in 30 s, and
to apply to a self-powered door monitor. The NTEG is flexible,
light, durable, cost-effective, and portable. Therefore, we can
see that this NTEG has great potential in smart home sensing,
environmental monitoring, and personal electronics.
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