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Integrated multi-layer structural triboelectric nanogenerators (TENGs) have been verified as an effective
approach to solving the insufficient energy supply to single-layer devices. Unfortunately, the contact/
separation asynchronism between triboelectric materials during the working stage severely hinders
promotion of further output performance from TENGs. In this work, based on spring steel as both
skeleton and electrode, we demonstrated a novel retractable spring-like-electrode TENG (SL-TENG) for
harvesting vibratory energy. Benefiting from the specific elasticity of spring steel and the unique spring
structure of the device, the contact/separation synchronism of a SL-TENG is integrally enhanced and
further strengthened as vibration frequency increases, which can be used to tandem stack springs to
efficiently collect and convert vibration energy in a small volume. A three-layer SL-TENG in a volume of
approximate 5 cm® can reach a maximum negative current of 9.4 pA and positive current of 8 pA at
a frequency of 7 Hz, which is 4.09 and 2.29 times that at a frequency of 2 Hz, respectively. Including

appropriate frequency, separation distance, and enlarged friction area, it was found that a device's
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reason for the boost in output performance of multi-layer SL-TENGs. In addition, the three-layer
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1. Introduction

Since triboelectric nanogenerators (TENGs) were first reported
in 2012, they have been arousing more interest and are
becoming a research hotspot throughout the world because
they can convert almost all kinds of ambient mechanical
energy, such as wind,>* tide,** water flow, and human
motion,”® into electricity, based on coupling the contact elec-
trification principle and electrostatic induction effect.’® With
advantages including a broad source of materials, simple
fabrication, cost-effective price, admirable electricity generation
performance, and conversion efficiency, TENGs are considered
as the most effective approach for meeting the needs of self-
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a SL-TENG is promising in the application of a self-powered sensor for monitoring road potholes.

powered passive micro-sensors and wireless portable micro-
electron devices in the near future." Generally, there are four
basic working prototypes of TENGs, comprising the vertical
contact-separation mode,”*™ the lateral sliding mode,'*"” the
single-electrode mode,'" and the free-standing mode.****
TENGs are mainly made up of two triboelectric materials with
distinct electron affinities coated with metal electrodes. The
contact/separation between the two triboelectric materials
drives electrons from one electrode to the other and thereby
generates an alternating current pulse in the external circuit.
In recent years, electronic devices such as the transistor,
memristor, and TENG have made great progress,** especially,
a great number of researches for TENGs were investigated from
the aspects of materials,>?° surface morphology, and
structural designs,*?® and a lot of significant progress was
achieved, particularly in structural fabrication. To overcome the
insufficient energy output by a single-layer TENG, some inte-
grated multi-layer TENGs were studied and reported.***
However, owing to usage of skeleton materials, most previous
multi-layer devices had a relatively large volume,**** which
subsequently limits their wide application in TENGs. Moreover,
the contact/separation asynchronism derived from each pair of
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triboelectric materials in a device**** leads to the presence of
partial current peaks on the output current-time waveform. In
some cases, they could even get close to the maximum peak
and, as a result, negatively affect output capacity. Therefore,
designing a suitable structure of a device to improve its space
utilization as well as to eliminate asynchronism between fric-
tion layers is one of the tasks of our recent study of TENGs.
The spiral and retractable spring structure shows great
potential for designing and fabricating high-performance
devices***” as it exhibits an excellent contact/separation
synchronism in the vibration process. Herein, based on the
disc plate type spring steel as both skeleton and electrode,****
we have assembled a novel retractable spring-like-electrode
TENG (SL-TENG) for harvesting vibratory mechanical energy.
The SL-TENG with three layers has a thickness of 4 mm when its
volume is only 5 cm®, showing an efficient utilization of space.
More importantly, such unique spring construction could
greatly improve the contact/separation synchronism between
triboelectric materials. As a result, the output current-time
waveform of a SL-TENG matches well with that of a normal
single-layer TENG. Furthermore, the synchronism of a SL-TENG
can be tuned and improved at a more appropriate frequency.
For instance, the three-layer SL-TENG reaches maximum
negative current of 9.4 pA and positive current of 8 pA at
a frequency of 7 Hz; while the values are only 2.3 pA and 3.5 pA
at a frequency of 2 Hz, respectively. Additionally, the three-layer
SL-TENG was applied to alternately illuminate tens of
commercial LEDs. These results demonstrate that SL-TENG is
promising for applying self-powered sensors for intelligently
monitoring road potholes. The electricity generation mecha-
nism, and some of the factors that influence the output of a SL-
TENG, are discussed in detail as well. The new retractable
spring structure of our SL-TENG displays great advantages in
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effective energy harvesting and conversion which could provide
a new approach to improving output performance and effi-
ciency of multi-layer TENGs.

2. Experimental details
2.1 Fabrication of SL-TENGs

The device structure of a SL-TENG is schematically illustrated in
Fig. 1(a), showing the fabricating process of a SL-TENG. The
details include: (1) spring steels (Kobetool, Germany, width 50
mm, and thickness 0.1 mm) were cut to be single discs (diam-
eter 4 cm) with a circular hole (diameter 1 cm). (2) The steel
discs were first physically sanded, then ultrasonically washed in
an ethanol bath for 30 min, and finally dried at 40 °C for 2 h in
a vacuum. Thereafter, the disc surfaces were covered with
commercial polytetrafluoroethylene (PTFE) (thickness 0.1 mm)
and polyethylene glycol terephthalate (PET) (thickness 0.2 mm)
films, forming the electrode M and electrode N respectively.
Copper wires were adhered to the disc surfaces for the subse-
quent tests. (3) Spring steel discs of electrodes M and N were cut
from the circle centre to the edge directly; each pair of steel
discs of electrode M and electrode N were nested together along
the incision direction, then stuck tightly with 3M double-side
adhesive tape (thickness 0.15 mm) according to the material
ranking order of SL-TENG, as shown in Fig. 1(a). Later, by
adding spring steel discs of electrode M and electrode N one by
one, and repeating the above steps, a retractable SL-TENG was
achieved.

2.2 Characterization of SL-TENGs

The microscopic surface structure of the spring steel was
observed by field emission scanning electron microscopy (FE-

Fig. 1 The retractable spring-like-electrode triboelectric nanogenerator (SL-TENG). (a) The fabrication process of SL-TENG. (1) A disc plate of
spring steel electrode with a circular hole, (2) two steel electrodes covered with PTFE and PET film, respectively. (3) The structure of a three-layer
SL-TENG. Photograph of the SL-TENG when (b) stretched and (c) released. (d) The FE-SEM image of the sanded spring steel electrode surface.
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SEM JSM-6510). The output voltage of SL-TENGs was measured
using an oscilloscope (Agilent DSO-X 3102A). The output
current of SL-TENGs was calculated from the voltage of
a resistor when connected in the external circuit. In this
measurement, acrylic boards at the top and bottom of SL-
TENGs were respectively fixed onto the motion module and
stator of the linear motor (WMUA512075-06-D). The devices
were tested by changing the position of the motion module,
vibration frequency, and amplitude.

3. Results and discussion
3.1 Working mechanism of a SL-TENG

Fig. 1(b and c) are photographs of the as-prepared SL-TENG,
showing the appearances of stretched and released devices,
respectively. The thickness of the three-layer SL-TENG is merely
4 mm, except for the acrylic boards, which saves a lot of space
and materials so as to achieve effective utilization of space for
harvesting vibration energy. Under the same conditions, the
open-circuit voltage of a single-layer TENG made via sanding
surface treatment is about 1.6 times of that without any surface
processing (see in ESI Fig. S11), which demonstrates that due to
the sanding treatment, the roughness of the steel surface is
improved (see in Fig. 1(d)), leading to the enhancement of the
surface charge density of the triboelectric materials of the
device.

As a SL-TENG has similar construction to a spring, it exhibits
good elastic properties. When a SL-TENG converts vibratory
mechanical energy into electrical energy in contact/separation
mode, the spring steel acts not only as skeleton, but also as
triboelectric material and electrode. In view of the absolute
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synchronicity of an ideal spring structure, Fig. 2 theoretically
depicts the working principle of a SL-TENG in detail. At the
initial position in Fig. 2(a), each pair of the PTFE film on
electrode M and the steel of electrode N of the SL-TENG are well
contacted, causing negative charges on the surface of the PTFE
film and equal positive charges on the surface of steel, due to
the triboelectricity and the large difference of electron affinity
between two triboelectric materials. Since PTFE material is an
insulator, the charges on the surface of PTFE film can be
maintained for a long time so that electricity is generated
continuously. When an external force is applied, the SL-TENG
begins to stretch, the two friction layers separate synchro-
nously from the contact surfaces, and subsequently an electric
field is produced in space; at the same time the induced
charges, which are caused by the electrostatic induction effect,
transfer across the two electrodes due to the potential differ-
ence. This forms a current flow from electrode N to M through
the external circuit, as is shown in Fig. 2(b). The charge flowing
continues until the SL-TENG reaches the largest displacement
position, shown in Fig. 2(c). Thereafter, the electric field is offset
and the device is in a static equilibrium. Similarly, once the
external force is released, the SL-TENG begins to shrink and the
separated surfaces begin to contact synchronously from the
largest displacement position, as shown in Fig. 2(d), which
results in an inverse output current from electrode M to N until
they fully contact (Fig. 2(a)). Thus, a full cycle of electricity
generation has been accomplished and thereby a signal of
periodic output alternating current is generated. Additionally,
COMSOL multi-physics software based on finite-element
simulation was employed to demonstrate the potential distri-
bution of the SL-TENG (ESIt) under the open-circuit conditions

Fig.2 The theoretical working principle of SL-TENG in a full cycle. The charge distributions and electricity generation process (a) stretch at initial
stage, (b) stretch at intermediate stage, (c) stretch at final stage, (d) release at intermediate stage. A potential distribution is demonstrated by
COMSOL for SL-TENG in a period under the open-circuit condition (e) separation state, (f) contact state.
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in the separation state (Fig. 2(e)) and contact state (Fig. 2(f)).
Simulation results indicate that when the friction layers begin
to separate from the contact state under an applied force,
electric current would flow from electrode N to electrode M in
order to screen the produced electrostatic field until the device
returned back to its static equilibrium, and vice versa. This is
consistent with the working mechanism illustrated in Fig. 2(a-
d) and further elucidates the working process of the device.
Previous studies have shown that there is a strong correla-
tion between output performance and the contact/separation
synchronism for a multi-layer TENG.***** Due to the
complete synchronization of an ideal spring, the current-time
waveform of a TENG with a spring structure should be in accord
with the normal waveform from a single-layer TENG. To verify
the contact/separation synchronization of the SL-TENG devices,
a comparison study between a SL-TENG and a typical single-
layer TENG was performed, as shown in Fig. 3. Fig. 3(al-a4)
display the output current-time waveform of a SL-TENG with
three-layers. It can be intuitively seen that the curve form of SL-
TENG is pretty close to that of a single-layer TENG (vs. Fig. 3(b))
except for two or three weak partial peaks. Compared with the
result from ref. 43 as shown in Fig. 3(c), only fewer and smaller
partial peaks can be observed far from the maximum peak.
Undoubtedly, the unique spring structure effectively enhances
the contact/separation synchronism of SL-TENGs. More
importantly, as vibration frequency increases, the partial peaks
gradually begin to disappear. The better contact/separation
synchronism of SL-TENGs is also believed to be the reason for
the rapid increase of the output current, especially the negative
current when increasing the vibration frequency. At an ampli-
tude of 5 mm, it was observed that the maximum negative and
positive current, respectively, reach 9.4 pA and 8 pA at
a frequency of 7 Hz, which is respectively 4.09 and 2.29 times
the maximum current value at a frequency of 2 Hz. These results
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show that the synchronism is further strengthened as vibration
frequency increases, indicating the efficient energy collection
and conversion of SL-TENGs. However, a certain number of
current partial peaks originating from the asynchronism still
exist compared to that of a single-layer TENG. This non-ideality
can be attributed to the hand-fabrication of the spring struc-
ture. In order to achieve ideal synchronism, it is suggested that
both preparation methods and techniques should be improved.

3.2 Output performances of SL-TENGs

Both frequency and amplitude are key factors that influence the
output performance of SL-TENGs. The output voltage with
varied frequencies and amplitudes A (Fig. 4(b2)) are respectively
shown in Fig. 4(al and a2). From Fig. 4(al), the open-circuit
voltage increases continually when increasing the frequency
from 1 Hz to 10 Hz at an amplitude of 4 mm, which is likely
caused by several factors, as follows: (1) as the frequency
increases, the vibration acceleration becomes greater. The more
efficient contact of the SL-TENG thus helps the friction layer to
accumulate more charges,*”® which causes the higher open-
circuit voltage values. (2) The output performance for a TENG
has its own frequency selectivity which only responds to the
trigger signal with a frequency inside its working band.* Based
on frequency selectivity, the open-circuit voltage increases with
increasing frequency when it is less than the resonant frequency
of the device. In contrast, it decreases with an increase of
frequency when it is higher than the resonant frequency. So, the
frequency values from our study maybe just distribute within
the working frequency range and are less than the resonance
frequency of the SL-TENG. (3) The impedance value ~10 MQ of
our oscilloscope has the same order of magnitude as the
internal resistance of SL-TENG from experimental measure-
ments, thus leading to the effect of current shunt in the circuit.
Therefore, the observed value from the oscilloscope is the
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Fig. 3 Output current peaks of different TENGs in the two working cycles. (al—a4) The three-layer SL-TENG at the frequency of 2 Hz, 3Hz, 5 Hz,
and 7 Hz respectively (@amplitude of 5 mm). (b) A normal single-layer TENG. (c) The multi-layer TENG from ref. 43.
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Fig. 4 Output performance of SL-TENGs. The output voltage at different (al) frequencies (amplitude of 4 mm) and (a2) amplitudes (frequency of
5 Hz) for three-layer SL-TENG. (b1) At the initial position with dp length and (b2) the state when stretched with amplitude A for a SL-TENG. The
output (c1) open-circuit voltage and (c2) short-circuit current for SL-TENGs with one-layer, two-layers, and three-layers, respectively (frequency
of 10 Hz, amplitude of 5 mm). The output voltage, current, and power versus different external resistances for SL-TENGs with (d1) one-layer, (d2)
two-layers, and (d3) three-layers, respectively (frequency of 10 Hz, amplitude of 5 mm).

terminal voltage but not the open-circuit voltage. Thus, the
voltage increases with frequency, similarly to the output
current.

Similarly, at a frequency of 5 Hz, the output voltage increases
as amplitude increases from 1 mm to 7 mm (Fig. 4(a2)); espe-
cially, the open-circuit voltage swiftly increases from 27 Vto 36 V
when the amplitude raises from 1 mm to 2 mm. This variation
can be explained as below: the open-circuit voltage Voc is
given by**

on(t)

Voc =
€0

where ¢, g, and x(t) are the vacuum permittivity, triboelectric
charge density on the PTFE surface, and interlayer distance,
respectively. Because o, keeps constant, the peak open-circuit
voltage increases with increasing amplitude at the same
frequency. But overstretching would decrease the effective
contact area; thus, the open-circuit voltage gradually goes to

saturation when the amplitude exceeds 5 mm.
Based on the excellent synchronism of the spring structure,
a comparison of SL-TENGs with one layer, two layers, and three
layers was made. Fig. 4(c1 and c2) show that the open-circuit
voltage and short-circuit current of SL-TENGs both increase as

This journal is © The Royal Society of Chemistry 2017

the number of layers increases under the same conditions. The
peak voltage and current of a three-layer SL-TENG could reach
80V and 14 pA, respectively, about 267% and 280% of that from
a one-layer SL-TENG, and about 145% and 156% of that from
a two-layer SL-TENG. In addition, the electricity output capa-
bility of SL-TENGs under varied external resistances was studied
at a frequency of 10 Hz and amplitude of 5 mm, as depicted in
Fig. 4(d1-d3). The output current gradually decreases with
increasing resistance. On the contrary, the output voltage shows
an opposite trend: the voltage increases with increased resis-
tance. The output powers of the SL-TENGs with one layer, two
layers, and three layers reached a maximum of 46 pW, 135 uW,
and 306 pW at external load resistances of 6 MQ, 5 MQ, and 4
MQ, respectively. As the number of layers increases, on the one
hand, the friction area is enlarged and more charges are
produced on the contact surfaces;** on the other hand, experi-
mental results show that the SL-TENG's internal resistance
gradually decreases. For these two reasons, the output perfor-
mance of a SL-TENG is greatly promoted, far more than double
or triple the output of a single-layer device. However, maybe
there are other factors determining the open-circuit voltage,
which need more investigation in future studies.

RSC Adv., 2017, 7, 50993-51000 | 50997
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Fig.5 The output characteristics of a three-layer SL-TENG with LEDs (at a frequency of 4 Hz and amplitude of 5 mm). In the photograph (al) ‘M’
shape LEDs are lit and (a2) shows a corresponding enlarged picture when a positive current is generated. (b) The image before ‘M"and ‘N’ shape
LEDs are lit. In the photograph (c1) ‘N’ shape LEDs are lit and (c2) shows a corresponding enlarged picture when a negative current flows. (d) The
graph of a tuned alternating current signal generated by the SL-TENG.

e =

6 ,(el) h:smmh_"“m 4 '(fl) e
= 3t

4 h=5mm v THz

- <2F v=5Hz

3 2 =4mm é ve2Hz v=3Hz

£, =2mm =3mm é' [ v=tHz

o2 o

Fig. 6 The potential applications of SL-TENG as a sensor for monitoring road conditions. (a) Pictures of a car, and (b) the vibration damper. (c) 3D
graph of varied output current of a SL-TENG at different frequencies and deformation amplitudes around the fixed centre. The SL-TENG at (d1)
initial position, (d2) the fixed vibration centre ho, and (d3) deformation amplitude h. (el) Output current of SL-TENG varies with changing
amplitudes h that is (e2) the depth of potholes (v = 5 Hz). (f1) Output current of SL-TENG varies with changed frequencies that reflects (f2) the
number of potholes (h = 4 mm).
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To demonstrate the output capability of a SL-TENG, the
three-layer SL-TENG was applied to illuminate tens of LEDs at
a frequency of 4 Hz and an amplitude of 5 mm, as shown in
Fig. 5. In the test, the ‘M’ and ‘N’ shape LEDs are connected in
antiparallel on a breadboard. Fig. 5(b) displays the image when
the device is at rest; no LEDs are lit and no electric signal can be
detected by an oscilloscope. When the SL-TENG is driven by
a liner motor, the ‘M’ and ‘N’ shaped LEDs alternately light up.
A signal of alternating current (Fig. 5(d)) is simultaneously
generated, as could be seen from the oscilloscope. It was
observed that the ‘M’ shape LEDs were lit (Fig. 5(al)) when
a positive current was generated, while the ‘N’ shape LEDs
glowed (Fig. 5(c1)) when a negative current flowed. Fig. 5(a2 and
c2) are corresponding magnified pictures. It is proved that a SL-
TENG can convert vibration energy into alternating electricity
and could be applied in self-powered systems of micro-
electronic devices. Furthermore, under the frequency of 10 Hz
and amplitude of 5 mm, a stability and durability test was
carried out for about 10 000 cycles (testing time was about 18
minutes). The results show almost no change of output
performance, as shown in Fig. S2 (ESIT).

3.3 Potential application as a self-powered road condition
sensor

Road condition sensing is a new intelligent technique to
monitor road potholes, and a sensor would potentially be used
for safer driving (e.g., for a car, Fig. 6(a)). However, to the best of
our knowledge, there is no such a sensor with an electric signal
generated by the vibration of a damping spring (Fig. 6(b)). Here,
we propose a road condition sensor based on the SL-TENG
studied in this paper. By taking the brace as the central axis,
the SL-TENG with a circular hole can be installed on the outside
of the brace and vibrates with the vibration spring. When a car
was driven on different roads, the higher frequency and
amplitude of the vibration spring could respectively correspond
to a greater depth (Fig. 6(e2)) and to more (Fig. 6(f2)) road
potholes. In other words, the various depths and numbers of
road potholes could also be transformed into the vibration
amplitude (Fig. 6(e1)) and frequency (Fig. 6(f1)), respectively.
To testify to the feasibility, the experimental measurements
were designed and implemented by adjusting both the position
of the mobile module on a motor and the vibration settings.
First, the SL-TENG was pulled from the original state (Fig. 6(d1))
to the fixed vibration centre position (Fig. 6(d2)) where 7, = 5
mm. The 3D graph of output current on changing frequencies »
and amplitudes £ (Fig. 6(d3)) is shown in Fig. 6(c), and it can be
intuitively seen that at the same frequency (amplitude), the
output current increases as amplitude (frequency) increases.
Derived from the corresponding 3D graph, Fig. 6(e1) depicts the
varied current with changing amplitudes (v = 5 Hz), while
Fig. 6(f1) displays the varied current as frequency changes (7 =
4 mm). From insets in Fig. 6(el and f1), it is obvious that the
relationship between the output current and frequency
(amplitude) is approximately linear at a certain amplitude
(frequency). These results attest that the generated electrical
signal can be employed for sensing the depth and number of

This journal is © The Royal Society of Chemistry 2017
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road potholes when a SL-TENG is installed in a car's vibration
system.

4. Conclusions

In summary, to improve the synchronism of multi-layer TENGs,
we assembled a novel retractable spring-like-electrode TENG for
vibratory energy harvesting by employing spring steel as both
skeleton and electrode. The SL-TENG works in contact/
separation mode, which can convert vibration energy into
electricity for a self-powered system. Benefiting from the
outstanding elasticity of spring steel, a small volume with a SL-
TENG is achieved so that the electricity output can be improved
rapidly without a large displacement. More importantly, with
the unique retractable spring structure, the contact/separation
synchronism of a SL-TENG is integrally enhanced and further
strengthened as vibration frequency increases. This can be used
to tandem-stack springs to efficiently collect and convert
vibration energy in a small volume. At an amplitude of 5 mm,
the three-layer SL-TENG can reach a maximum negative current
of 9.4 pA and positive current of 8 pA at a frequency of 7 Hz.
Meanwhile, the SL-TENG possesses favorable integration ability
for power output. The maximum power of a three-layer SL-TENG
is 6.7 and 2.3 times of that of one-layer and two-layer SL-TENGsS,
respectively. The gradual decrease in the internal resistance of
the device with an increase in the number of layers is believed to
be one of the most important reasons for boosting the output
performance of multi-layer SL-TENGs. Additionally, a three-
layer SL-TENG was applied to alternately illuminate tens of
commercial LEDs, and a SL-TENG is proposed to be used as
a self-powered sensor for monitoring road potholes.
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