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ABSTRACT An unstable mechanical structure that can self-balance when

perturbed is a superior choice for vibration energy harvesting and vibration

detection. In this work, a suspended 3D spiral structure is integrated with a

triboelectric nanogenerator (TENG) for energy harvesting and sensor applications.

The newly designed vertical contact—separation mode TENG has a wide working

bandwidth of 30 Hz in low-frequency range with a maximum output power density

of 2.76 W/m? on a load of 6 MQ. The position of an in-plane vibration source was

identified by placing TENGs at multiple positions as multichannel, self-powered

active sensors, and the location of the vibration source was determined with an

error less than 6%. The magnitude of the vibration is also measured by the output voltage and current signal of the TENG. By integrating the TENG inside a

buoy ball, wave energy harvesting at water surface has been demonstrated and used for lighting illumination light, which shows great potential

applications in marine science and environmental/infrastructure monitoring.
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ibrations are common mechanical

phenomena that can be found in

ambient environment, such as the
vibration motions of engines, vibrations in
buildings and bridges, the shaking of a
flying aircraft, and ocean wave oscillations.
In many cases, antivibration technology is
required in order to stabilize the structure
and reduce noises. Various transducers have
been fabricated for monitoring and detect-
ing vibrations and impacts. On the other
hand, vibration is a source of energy.
Generally, there are three ways to convert
vibration into electric energy, namely, by
using electromagnetic,'? electrostatic,>*
and piezoelectric effects.>~° Most recently,
we have invented a new approach, the
triboelectric nanogenerator (TENG), for har-
vesting ambient mechanical energy based
on the coupling of the triboelectric effect
and electrostatic induction.'®™'* The peri-
odic contact and separation between
two materials with opposite triboelectric
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polarities alternatingly drives the induced
electrons to flow between electrodes
through an external circuit. It is a cost-
effective, simple, and robust technique for
energy harvesting. Alternatively, a TENG can
serve as an active sensor for sensing me-
chanical vibration/triggering using the elec-
tric output by itself without a driving power
source. A mechanical structure positioned
at its critical state of mechanical equilibrium
is unstable and very sensitive to the distur-
bance in the environment. If such a struc-
ture can balance itself when disturbed and
oscillate around the equilibrium point, it can
be superior for vibration energy harvesting
and impact detection at a weak ambient
vibration. The 3D spiral structure is a typical
example. It is a three-dimensional curve
around an axis at a continuously reducing
radius while moving parallel to the axis,
which can be simply regarded as a conical-
shaped spring structure. Loaded with a
seismic mass, the suspended 3D spiral
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Figure 1. Triboelectric nanogenerator built on a suspended 3D spiral structure. (a) Schematic diagram of the device and its
cross section view. SEM image of the surface morphology of (b) aluminum and (c) the Kapton film. The inset of (b) is a photo of

the real device.

structure oscillates in response to external disturbance
at a high sensitivity.

In this work, a TENG that operates in the vertical
contact—separation mode was built at the front of the
seismic mass in a spiral structure. The spiral structure
behaves like a spring in response to an external
disturbance. The TENG built on the spiral structure
(spiral TENG) shows a wide working bandwidth of
30 Hz in the low-frequency range, and a maximum
output power density of 2.76W/m? was achieved on a
load of 6 MQ. Furthermore, by using three spiral TENGs
(STENGS) to construct a multichannel vibration active
sensor system, the location of an in-plane vibration
source was positioned within an error of <6% without
supplying an external power source. Furthermore, by
positioning the STENG inside a fully closed buoy ball,
we demonstrated that the structure can be used to
harvest the vibration energy from the wavy water
surface, which is strong enough to drive 20 LED lights.
Our study establishes a newly designed STENG that is
well suited not only as a self-powered positioning or
vibration sensor but also for harvesting wave energy in
ambient environment such as in wind, river water, and
the ocean.

RESULTS AND DISCUSSION

A schematic diagram of the STENG with a vertical
contact—separation mode is shown in Figure 1a. Due
to the suitable strength, light weight, easy processing,
and low cost, an acrylic sheet is chosen as the structural
material. The detailed fabrication process is described
in the Methods section. The working parts that gen-
erate the electricity are two round plates facing each
other, which is marked in Figure 1a with a red dashed
line. One is attached at the bottom of the 3D spiral
structure. The other one is centered and fixed on the
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upper surface of the cube's bottom. The height of the
cube was adjusted to have these two plates be in slight
contact when the spiral is relaxed and in equilibrium.
The upper contact surface is an aluminum film
coated on an anodic aluminum oxide (AAO) template.
Figure 1b is a scanning electron microscopy (SEM)
image of the aluminum surface. There are nanopores
uniformly distributed on the surface with an average
diameter of 30 nm, which are able to increase the
effective contact area for triboelectrification. The lower
contact surface is a Kapton film. The surface of the
Kapton film was modified to introduce aligned nano-
wire structures. Figure 1c is an SEM image of the
obtained surface. The uniformly distributed nanowire
features can further increase the surface roughness
and the effective surface area of the STENG for effective
triboelectrification.

Figure 2 sketches the electricity generation mecha-
nism of the STENG. It can be explained by the coupling
between the triboelectric effect and electrostatic
induction. When the STENG is working, the spiral
oscillates in response to an external mechanical dis-
turbance, and the distance x(t) between the Al and
Kapton film changes, as shown in Figure 2a. In the
original state, when there is no mechanical distur-
bance, the spiral is relaxed, and the two round plates
slightly contact each other (Figure 2b). According to
the triboelectric series,'® in which materials are listed in
order of the polarity of charge separation when they
are touched with another object, electrons are trans-
ferred from the Al film to the Kapton film, resulting
in positive and negative triboelectric charges on the
Al and Kapton surface, respectively. When the cube
structure experiences a mechanical disturbance, the
spiral starts to oscillate along the vertical direction. As
the spiral contracts, the contacted surfaces separate
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Figure 2. Working mechanism of the STENG. (a) Schematic
diagram showing a STENG in working status. The spiral is
oscillating, and the distance between the two contact
surfaces x(t) is changing. (b—e) Full cycle of the electricity
generation process.

(Figure 2c). Because the Al electrode has a higher
potential than the Cu electrode beneath the Kapton
film, electrons flow from the Cu electrode to the Al
electrode through the external circuit to neutralize the
positive triboelectric charges in the Al electrode. The
flow of electrons lasts until the separation is maxi-
mized, and an electrostatic equilibrium is reached
(Figure 2d). Then the spiral starts to release to the
original equilibrium position, and the two plates
approach each other. Thus, the former electrostatic
equilibrium is broken. Electrons flow back from the Al
electrode to the Cu electrode through the external
circuit (Figure 2e). Finally, when these two plates
contact each other again, there is no current flow
in the external circuit, and the triboelectric charge
distribution is restored to the original status
(Figure 2b). This is a full cycle of the electricity
generation process. As the spiral oscillates in re-
sponse to the mechanical disturbance in the envi-
ronment, electricity is generated.

In principle, the STENG can be regarded as two flat-
panel capacitors connected in series. We assume the
charge on the Al film is Q;, the charge on the Kapton
film is Q, and the charge on the Cu foil is Q,. The
corresponding charge densities are o7, 0, and 0. S is
the area of the round plate. ¢, is the dielectric constant
of the vacuum, and &, is the relative dielectric constant
of the Kapton film. The thickness of the Kapton film is d,
and the distance between the Al film and the Kapton
film x(t) changes as the spiral oscillates. On the basis of
electrostatic induction and conservation of charges,
Q; + Q, = —Q. The open circuit voltage V,. and short
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circuit current /s can be expressed as'®

Voo = — ox() (1)
)

—Sod dx(t)
d 2 dt
Er (_ +X(t)>

Er

lse =

We can see that V. is proportional to the distance
between the two plates. It reaches a maximum when
the two plates are furthest separated. Also V. is
proportional to the triboelectric charges generated
on the contacting surface, which depends on the
property of the two surfaces and the friction process.
It can be enhanced by choosing proper materials and
modified surface morphology, as we have done in this
work. By checking eq 2, we can conclude that the
output current is proportional to the distance change
rate of the two plates, which is determined by the
spiral's oscillation, and also proportional to the gener-
ated triboelectric charges.

For such a suspended structure, the frequency re-
sponse is of great interest for the output perfor-
mance. A vibration-impacting model was used to
analyze the frequency characteristics of the STENG,
as shown in Figure 3a. The 3D spiral structure with
seismic mass load at the bottom is modeled as a
movable mass m suspended by a spring k, and a
damper c,. When an external disturbance is experi-
enced by the cube, the bottom of the cube makes a
displacement of Z,, which causes the seismic mass to
vibrate relative to the bottom of the cube with a
displacement of Z;. The motions and their inter-
relationship can be described by a differential equa-
tion as'’

2
24252+ 27 = <wﬁ) sin(pm) +f(Z,2)  (3)
0

0 (Z > 0)

w

f(Z,2,) = . 2
@ 20 22 g7, - (—) Z Z <0
Woz o

4

where Z, = (Z; — Z,)/U,, and Z, = U, sin(wt). U, is the
amplitude of the external disturbance. Z, and Z, are
the relative acceleration and velocity of the mass
with respect to the cube's bottom. &, is the primary
suspension damping characteristic and is defined
as &, = ¢,/(2mwy). w is the excitation frequency, and
wo = (k,/m)"/2. We can see that a nonlinear function
fiz, Zr) is introduced into the motion model, which is
induced by the impact between the two con-
tacting surfaces. This will lead to a different fre-
quency response compared to the general linear
model.

On the basis of eq 3, a finite element analysis
was carried out to simulate the mechanical behavior
of the STENG under an external disturbance. Young's
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Figure 3. Simulation and output performance of the STENG. (a) Vibration-impacting model for simulating the frequency
response of the STENG. (b) Instant motion state result of the vertical contact—separation mode by ANSYS. (c) Simulated
frequency response of the STENG and corresponding mean velocity of the seismic mass. (d) Output voltage and (e) output
current of the STENG at the resonant frequency of 30 Hz. (f) Measured frequency response of the STENG.

modulus and Poisson's ratio of the spring are chosen to
be 2 GPa and 0.6, respectively. Figure 3b shows an
instant motion state when the two round plates are
separated from each other due to the contraction of
the spiral under an external disturbance. The frequency
response of the STENG is shown as the blue line in
Figure 3c. The resonant frequency of the system is
30 Hz. Due to the vibration-impacting motion of the
two surfaces, a nonlinear behavior appears in the
frequency response, resulting in an asymmetric spec-
trum and a broad working bandwidth of about 30 Hz.
The performance of the real device was tested by
putting the STENG on an electrodynamic shaker, which
works as an external vibration source generating a
sinusoidal output with controlled amplitude and accel-
eration along the vertical direction. The vibration
frequency is in a range from 10 to 100 Hz with an
increasing step of 5 Hz. Figure 3d and e are the open-
circuit voltage and short-circuit current under a vibra-
tion frequency of 30 Hz. The open-circuit voltage
reaches 150 V, and the short-circuit current is around
27 uA, corresponding to a current density of 20 mA/m?>,
The frequency response of the STENG's output perfor-
mance is shown in Figure 3f. Both the voltage and
current present a rapid increase with an increase of
frequency from 10 to 30 Hz. Then, both of them
gradually dropped to their minima as the frequency
increases from 30 to 100 Hz. Also, we compared the
integral area size of the current peak under different
frequencies. It corresponds to the transferred charges
between the two electrodes through the external
circuits, which are proportional to the generated tribo-
electric charges.'® It reaches a maximum at 30 Hz as
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well. As the simulation results show in Figure 3¢, the
spiral resonates at 30 Hz with the largest motion
amplitude, which makes the separation distance be-
tween the two plates reach a maximum and causes a
larger impact when the two plates contact each other.
The latter contributes to the increased contact surface
and the enhanced triboelectric charge generation.
Because Iy, is proportional to the distance change
rate of the two plates, we plot the normalized mean
velocity of the seismic mass as the red dashed
line in Figure 3c. The maximum is located at 32 Hz,
which is just slightly shifted from the resonant fre-
quency of 30 Hz. On the basis of all the facts we stated
above and according to egs 1 and 2, we obtained
both the maximum V.. and I when the spiral is
resonanting.

The power output capability of the STENG was
investigated at the resonance frequency by using
resistors as external loads. As shown in Figure 4a, the
output voltage increases quickly as the resistance
increases from 10 Q to 40 MQ, and then saturates
when the resistance is further increased. The output
current follows a reverse trend compared to the output
voltage. As a result, the output power density is max-
imized at 2.76 W/m? with a load resistance of 6 MQ,
which is shown in Figure 4b.

STENGs can serve as self-powered active sensors in
passive mode for vibration detection and monitoring.
This means that whenever there is a vibration distur-
bance in the environment experienced by the STENG,
the STENG will be triggered to generate an indicat-
ing electric signal. As in some situations vibrations are
undesirable and harmful, in addition to vibration
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Figure 4. Output performance of the STENG with external load. (a) Dependence of the output voltage and current on the
external load resistance. (b) Dependence of the output power density on the resistance of the external load, indicating a
maximum power output when R = 6 MQ.

Figure 5. Vibration source location in one dimension. (a) Schematic diagram of experimental setup shows two STENGs that
are respectively positioned at the two ends of a board. (b) Recorded signal patterns when the impact is located at position 1.
(c) Recorded signal patterns when the impact is located at position 3. (d) Enlarged view of one peak signal in (b). (e) Enlarged
view of one peak signal in (c). (f) Comparison of the measured location and actual location of the vibration source location and
corresponding location error.

detection, the vibration source positioning is very was realized. Figure 5a shows the demonstration of the
important and of great practical value. Here we used vibration source location on a wood board with dimen-

STENGs to construct a multichannel active sensor sions of 2 in. x 4 in. x 84 in. Two STENGs were put on
system, and the in-plane vibration source positioning the two ends of the lumber and could collect signal
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Figure 6. Vibration source location on a wood board. (a) Schematic diagram of the experimental setup shows three STENGs
positioned at the three corners of a wood board. (b) Recorded signal patterns when the impact is located at position 7. (c)
Enlarged view of one peak signal in (b), which is indicated by a dashed gray rectangle. (d) Schematic diagram of the principle
to locate the vibration source. (e) Comparison of the measured location and actual location of the vibration source and

corresponding location error.

simultaneously by using a customized LabVIEW
(National Instruments) code for dual-channel data
acquisition. A small hammer was used to gently hit
different positions on the board periodically. The loca-
tions of the impact were indicated with red circles and
are numbered as shown in Figure 5a. Figure 5b and c
are two typical recorded signal patterns when the
impacts are located at position 1 and position 3,
respectively. First, when the impact is located at posi-
tion 1, as STENG 1 is closer to the vibration source, the
recorded signal level from STENG 1 is obviously larger
than the one coming from STENG 2. When the impactis
located at position 3, which is the center position
between STENG 1 and STENG 2, the signals received
from these two STENGs are almost at the same level.
Figure 5d and e are the corresponding enlarged view
of one signal peak in Figure 5b and c, respectively.
We can see that when the vibration propagates to
the STENGs, electric signals are generated and then
are gradually damped. For the case of position 1, the
vibration first arrived at STENG 1; thus the arrival time
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of the first signal peak observed in STENG 1 is earlier
than that from STENG 2. If the distance between these
two STENGs is fixed, and we determine the vibration
propagation velocity and the time difference of arrival,
then we can locate the position of the vibration source
between these two STENGs. Figure 5f shows the
experimental results. The blue dots represent the
measured location of the vibration source's position,
and the red cube indicates the actual location for
comparison. If the actual location of the vibration
source is at (xo, o) and the measured location is at
(x, ), we define the location error as Ejocation = |[(X — Xo)* +
(v — ¥0)’1". For a board with a length of 84 in,, the
location error is less than 5.5%, and the most accurate
positioning point is at the center without error. The
error is greatly limited by the sampling rate of our data
acquisition equipment, which currently is 4000, corre-
sponding to a time resolution of 0.25 ms. For a longer
board, as the time difference of arrival will be more
distinct, the spatial resolution is expected to be much
better than this.
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Figure 7. Self-powered dynamic sensor. (a) Schematic diagram of the experimental setup. (b) Recorded voltage signal when
the mass is released from L = 5 cm at different accelerations. (c) Measured voltage/current signals with different mass load
momentum at L =5 cm. (d) Comparison of measured voltage signals under different testing conditions. A linear relationship is

revealed.

Then the vibration source positioning test was car-
ried out on a wood board with dimensions of 1 in. x
24 in. x 48 in. Three STENGs were positioned on
three corners of the board, as shown in Figure 6a.
A three-channel measurement was applied to acquire
data from these three STENGs simultaneously. Nine
different positions on the board were checked, as
indicated by the red circles in Figure 6a. A representa-
tive signal pattern is shown in Figure 6b, which was
acquired when the small hammer hit position 7. Be-
cause STENG 2 is the closest one to the vibration
source, it obtains the highest signal level. For STENG 1
and STENG 3, the signal levels are similar due to the
equal distance from the vibration source. Figure 6c is
the enlarged view of one signal peak in Figure 6b,
which is indicated by a dashed gray rectangle. The
vibration propagated and first arrived at STENG 2 and
then arrived at STENG 1 and STENG 3 at the same time.
Thus the first signal peak from STENG 2 is earlier than
the two coming from STENG 1 and STENG 3. The
principle to locate the vibration source is depicted in
Figure 6d. We can obtain the arrival time differences of
the signal among the three STENGs. Combining the
vibration propagation speed, we can get information
on the distance difference from the vibration source to
STENG 1 and STENG 2 (D,), as well as the distance
difference from the vibration source to STENG 1 and
STENG 3 (D,). The track of an object that maintains the
same distance difference from two fixed points is a
hyperbolic curve, as indicated by the blue and purple
curves in Figure 6d. The vibration source is located
at the intersection of the two hyperbolic curves by
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solving the equations

D,\* (h\* [(D,\’
5 G -6)
in which [ is the distance between STENG 1 and
STENG 2, and h is the distance between STENG 1
and STENG 3. The corresponding experimental re-
sults are shown in Figure 6e. The position at the
center of the board is accurately located without
error, and the location error for other positions is less
than 5.8%.

According to egs 1 and 2, the output signal of STENG
is sensitive to the dynamic process of the experienced
mechanical disturbance. So it can work as a dynamic
sensor to realize real-time vibration monitoring. Figure
7a shows the experiment setup to demonstrate this
characterization. A STENG is fixed on the edge of a
wood board. A mass load of 100 g is hung at a
horizontal distance of 10 in. away from the STENG.
The movement of the mass in the vertical direction is
controlled by a linear motor through a pulley. The mass
is released from a series of vertical heights (L=1, 2, 3, 4,
and 5 cm) with different acceleration (a=1, 2, 3,4, 5, 6,
8, and 9.8 m/s?) to hit the wood board. Figure 7b
shows the experimental results when L = 5 cm.
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Figure 8. Demonstration of wave energy harvesting. (a) Photo of the real device placed in a basin filled with water to simulate
abuoy floating in an ocean/river. LED lights are installed on the upper acrylic plate. (b) Schematic cross section view of (a). The
inset is a recorded top view image of the lighted buoy when powered by water waves. (c) Output voltage and (d) output
current of the STENG integrated in a buoy when there is a slight disturbance in the water.

As the acceleration increases, the measured voltage
signal increases. For a fixed travel distance, a larger
acceleration means a larger velocity at the destination,
and thus a larger momentum of the impact. Figure 7c
shows that there is a linear relationship between the
measured voltage/current signals and the mass load's
momentum when it hits the wood board's surface. We
summarized all the results of different experimental
conditions in Figure 7d, including the load mass falls
from five different vertical heights with eight different
accelerations. All of the data follow a linear relationship
between the output signal and the load mass's mo-
mentum. In this case, our STENG works as an active
dynamic sensor for impact momentum sensing and
monitoring.

As for ocean waves, due to the huge power of the
wave motion, which can easily achieve 50 kW per
meter of wavefront at the most energetic locations,'®
harvesting mechanical energy from ocean wave oscil-
lations to electrical energy has long been pursued as an
alternative or sustainable power source.'®~2' The prin-
cipal barrier to harvesting this power is the very low
and varying frequency of ocean waves. A buoy is a
floating device commonly used on rivers or seas that is
allowed to drift and sway with the waves. It can be used
for many purposes, including mooring, life saving,
weather monitoring, and, the most general one, as a
sea mark. As the buoy sways with the waves, it is
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possible that we can integrate STENGs with a buoy to
harvest wave energy for powering lights. Figure 8a is
an image of the real device that was placed in a basin
filled with water to simulate the actual working condi-
tions in the ocean. The cross section view is sketched in
Figure 8b. The detailed integration process is described
in the Methods section. Figure 8c and d are the output
performance of the STENG when it is integrated in the
buoy. When there is a slight disturbance in the water,
the measured output voltage of the STENG reaches
110 V, and the measured output current can exceed
15 uA. Then 20 LEDs were integrated on the upper
acrylic to demonstrate a self-powered lighted sea
mark, as shown in the inset of Figure 8b and the video
in the Supporting Information. This is just the first step
toward utilizing wave energy by a STENG. Considering
the good performance, if we integrate more functions
onto the buoy, such as monitoring sensors for air
temperature, barometric pressure, wind speed, and
direction, and linked it to meteorological centers
through satellite networks, it could be used for fore-
casting, climate study, and more. Such a self-powered
sensor network can be a key technology for many
applications of this type.

CONCLUSIONS

In conclusion, a suspended 3D spiral structure
was used to construct a TENG in the vertical
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contact—separation mode. This unstable mechanical
structure can balance itself when perturbed, which
makes it a superior choice for vibration energy harvest-
ing and vibration detection. The newly designed
STENG works in the low-frequency range with a wide
working bandwidth of 30 Hz. The maximum output
power density of 2.76 W/m? on a load of 6 MQ is
achieved at a resonant frequency of 30 Hz. Using three

METHODS

Fabrication of the STENG. The STENG was constructed with an
acrylic sheet. First, a 2D spiral structure with an outside diameter
of 2.8 in. was cultured on the center of a 4 in. X 4 in. square
acrylic sheet. After loading with a seismic mass, and released
from the plane, a suspended 3D spiral structure was achieved.
Then, a cube was constructed by using it as the upper surface.
The working parts to get the electricity generation are two
round plates facing each other. One of them is a round acrylic
substrate covered with AAO template, which was attached at
the bottom of the 3D spiral structure. A thin layer of aluminum
was coated on the AAO template to work both as an electrode
and as one of the contact surfaces. Another round plate is a
Kapton film covered with Cu foil, which was centered and fixed
on the upper surface of the cube's bottom. The Cu foil works
as the other electrode, and the Kapton film works as the other
contact surface. The height of the cube was adjusted to
cause these two plates be in slight contact when the spiral is
relaxed and in equilibrium. The surface of the Kapton film was
dry-etched by using inductively coupled plasma (ICP) to create
aligned nanowire structures.

Integration of the STENG with a Buoy. The buoy is a transparent
acrylic hollow ball with a diameter of 14 cm. A weight was
loaded at the bottom to make it float in the water. One round
acrylic plate with a suspended 3D spiral structure on it was stuck
on the center of the ball. Another round acrylic plate with a
smaller diameter was stuck on the lower part of the ball. The
working parts to generate electricity are the same as in the
previous section. The distance of the two acrylic plates is
adjusted to make the surfaces of the Al-coated AAO film and
the plasma-etched Kapton film just contact each other when
the spiral is relaxed. To demonstrate the application of a self-
powered lighted sea mark, 20 LEDs were integrated on the
upper acrylic plate and serially connected with the STENG.
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