Sensors and Actuators A 263 (2017) 600-609

Contents lists available at ScienceDirect

Sensors and Actuators A: Physical

journal homepage: www.elsevier.com/locate/sna

Seesaw-structured triboelectric nanogenerator for scavenging
electrical energy from rotational motion of mechanical systems

@ CrossMark

Jingui Qian?, Xuan Wu®", Dong-Su Kim?, Dong-Weon Lee *:*

a3 MEMS and Nanotechnology Laboratory, School of Mechanical Engineering, Chonnam National University, Gwangju 61186, Republic of Korea
b School of Mechanical Engineering, JiangSu University, Zhenjiang 212013, China

ARTICLE INFO ABSTRACT

Article history:

Received 15 March 2017

Received in revised form 5 July 2017
Accepted 10 July 2017

Available online 17 July 2017

This study reports a seesaw-structured triboelectric nanogenerator (S-TENG) for efficiently harvesting
electrical energy from rotational motion of mechanical systems. The designed S-TENG with two arms is
comprised four contact-pair units with distinctly different triboelectric polarity materials. The generated
electric power from the unique structure based on the seesaw system was double at every machine
rotation cycle. A magnetically coupled contact mechanism was also utilized to reduce the wear of the
polymer material. It was experimentally confirmed that the proposed design significantly improved the
reliability and long-term stability in comparison with currently available TENG systems based on the
sliding mechanism. In addition, micro-pyramid patterns were formed on the polymer surface to enhance
the surface charge density. Through systematic experiments with a variety of operational conditions,
an instantaneous maximum output power density of 13.86 W/m? was achieved at a rotation speed of
200 rpm under a constant magnetic field strength of 0.2 T. The S-TENG has been demonstrated as a direct
power source to drive small electronic devices such as commercial LED arrays and to charge an energy
storage unit. This study further expanded the potential applications of the S-TENG to realize the self-
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powered wireless sensor nodes such as structural health and condition monitoring system.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Over the past half century, the development of wireless sen-
sor networks (WSNs) has been considered as one of the most
significant technologies in the field of information transmission
[1-3]. However, the highlighted bottleneck for developing WSNs
is to afford a long-term power supply system, because the limited
power of commercial batteries leads to issues of frequent replace-
ment and inconvenient installation [4,5]. Therefore, harvesting
electrical energy from the ambient environment by an effective
and sustainable method is highly desirable [6-8]. Among multi-
ple energy sources, mechanical energy harvesting has attracted
extensive interest because of its many advantages, including no
restrictions of time, climate, or location, plentiful renewability,
and universal availability. The emerging technologies for scaveng-
ing mechanical energy have been extensively developed based
on piezoelectric [9-12], electromagnetic [13-16], and electrostatic
[17,18] principles. However, the low output power of the energy
harvesters based on aforesaid principle cannot meet the required
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values of the electrical energy for most of the wireless sensors.
Recently, a cost-effective and robust triboelectric nanogenerator
(TENG) [19-21] was introduced for scavenging electrical energy
from mechanical energy based on the triboelectric effect cou-
pled with electrical induction [22,23], which can generate much
higher output power than the available energy harvester based on
piezoelectric, electromagnetic, and electrostatic principles (Sup-
port information S1). Among various TENGs, the rotational TENG
can be utilized to harvest rotating mechanical energy through a
periodic in-plane sliding model between two materials with differ-
ent triboelectric polarities. For instance, Bai et al. [24| demonstrated
a cylindrical rotating triboelectric nanogenerator based on sliding
electrification for harvesting mechanical energy from rotational
motions. Lin et al. [25] introduced a disk triboelectric nanogenera-
tor with segmental structures for harvesting rotational mechanical
energy. Zhang et al. [26] reported a single-electrode-based rotat-
ing triboelectric nanogenerator for harvesting energy from tires. Lia
etal.[27] proposed a single-electrode-based rotational triboelectric
nanogenerator formed by two wheels and a belt as a self-powered
contact area and an eccentric angle sensor. However, these kinds
of rotational TENGs with sliding mechanisms have drawbacks in
long-term use and persistent high energy conversion efficiency.
For example, the assembly configuration of currently available
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TENGs in rotating systems [24-30] leech on to external mechan-
ical motion, which leads to restrictions and inconvenience on more
application scenarios [31]. The sliding mechanism of TENGs quickly
damages the polymer surface morphology as a function of work-
ing time [32,33] and substantially decreases the device reliability
and life [34]. As well, higher temperature can result when a TENG
works at a high rotation speed or after a long-term friction process,
which has been proved to largely influence the energy conversion
efficiency [35].

In this study, we introduce a durable and high-performance
seesaw-structured triboelectric nanogenerator (S-TENG) combined
with the rotating machineries. The driving force for the see-
saw structure is generated by a magnetic coupling between the
TENG and the rotational motion. The S-TENG was designed with
distinctly different triboelectric polarity materials based on the
contact mechanism. A polymer substrate with a micro-pyramid
pattern enhanced the charge accumulation on the surface. Two
movable seesaw-structured electrodes were employed to quadru-
ple the contact area and produce double the electrical energy of
eachrotation cycle. Animportant aspect of introducing the magnet-
ically coupled contact mechanism was to reduce the wear caused by
currently available TENGs based on sliding mechanisms. The pro-
posed design significantly increased the reliability and long-term
stability of the TENGs applied in machines with a rotating part. The
fabricated S-TENG was successfully employed as a direct power
source to illuminate a large number of LEDs and to accumulate
electrical energy in a capacitor.

2. Material and methods
2.1. Fabrication of micro-pyramid PDMS film

After a standard cleaning, a 4-in Si wafer (Fig. S2a) was placed
in a furnace to form a 300-nm-thick silicon dioxide (SiO,) layer
on the surfaces (Fig. S2b). Next, a positive photoresist was coated
on the wafer and patterned to make an array of squares (Figs. S2c,
d). The SiO, layer was selectively etched using a buffered HF solu-
tion, and the silicon substrate was anisotopically wet-etched with
the patterned SiO, layer (Fig. S2e). After removing the photore-
sist using an acetone solution, the SiO, mask layer was completely
removed using the buffered HF solution (Fig. S2f). The Si wafer
with reverse micro-pyramid structures was used as a master to
duplicate the structures on the PDMS (polydimethylsiloxane) thin
film. In general, the Si mold was quite hydrophilic, and thus the
PDMS had a good affinity to the Si surface. This adhesion force was
strong enough to make peeling impossible. To reduce the adhe-
sion force between the Si matter and the PDMS film, the prepared
Si master mold was cleaned with acetone and isopropanol, and
the surface was then treated with a trimethylchlorosilane solution
(Sigma-Aldrich) to change the surface condition from hydrophilic
to hydrophobic. To fabricate the PDMS thin films with micro-
pyramid patterns, a PDMS elastomer and cross-linker were mixed
(base: curing agent=10:1) and then spin-coated on the Si master
molds. After a degassing process of more than 30 min in a vacuum
chamber, the spin-coated PDMS was cured at 70 °C for 4 h (Fig. S2g).
The cured PDMS thin film with a micro-pyramid surface was then
drawn off from the Si mold (Fig. S2h).

2.2. Fabrication of S-TENG device

The S-TENG (measuring 88 mm x 44 mm x 34.8 mm) had a see-
saw structure and an outer frame. The seesaw body and outer frame
(Fig. S3al, b1) was fabricated using a 3-D printer (3-D System,
Corp, Rock Hill, USA). Two NdFeB magnets (20 mm in diameter and
3 mm thick) were placed on both wings of the seesaw structures

(Fig. S3a2) and covered with square plates (Fig. S3a3). Four rubber
sponges of 2-mm-thick were bonded to the seesaw (Fig. S3a4) and
a 60-pm-thick aluminum film employed as triboelectric friction
electrodes was coated on each sponge (Fig. S3a5). As shown in Fig.
S3b2, four rubber sponges were employed to ensure the long-term
stability of the TENG electrodes. The sponges were coated with a
60-pwm-thick copper film (Fig. S3b3), and then an 800-pwm-thick
PDMS film with surface micro-pyramids (Fig. S3b4) was bonded
to the copper film. After assembling a rotating shaft (Fig. S3b5),
the fabricated seesaw structure was combined with the outer body
(Fig. S3a6, b6) and manually packaged as shown in Fig. S3b7. An
optical image of the fabricated S-TENG is shown in Fig. S3b8. The
total area of contact for the generation of triboelectric energy was
about 48 cm?2.

2.3. Electrical measurement system and experiment setup

A BLDC geared motor (BL5057, D& WITH Co., Ltd., South Korea)
and its driver (FTBL-V1) were employed to create rotational motion
at various operation speeds. The DC supply for the motor and its
driver was an Agilent E3642A power supply (Agilent Technolo-
gies, Inc, USA). A LZ-643 G meter (Linkjion Technology Co., Ltd.,
Hunan, China) was used to measure the magnetic field strength. A
Tektronix TDS 2014 B Oscilloscope (Tektronix, Inc, USA) and an SR-
570 low-noise current amplifier (Stanford Research System) were
used to measure the open-circuit voltage and short-circuit current.
Periodic contact and separation between two triboelectric friction
layers were generated by a non-contact magnetic force. A higher
DC motor speed was desirable to increase the amount of contact;
however, this also reduced the magnetic coupling effect, which
influenced the amplitude of the output voltage. Acommercial wire-
less temperature sensor (eZ430-RF2500, Texas Instruments) was
employed to demonstrate the feasibility of S-TENG for real appli-
cations.

3. Results and discussion

A schematic view of the designed S-TENG is illustrated in Fig. 1a.
AsshowninFig. 1b, the S-TENG was positioned on the top of two cir-
cular disks at a certain distance. The circular disks had a permanent
magnet on the side plane of each disk. The rotation speed of the cir-
cular disk was controlled by the DC motor. The rotating magnets on
the disk provided a non-contact magnetic force to other permanent
magnets placed on the wings of the seesaw structure. Therefore,
a periodic clockwise and anticlockwise rotational motion of the
seesaw structure was achieved because of the magnetic-coupling
force from the rotational system. Here, the seesaw structure and
outer frame were manufactured using an acrylic material because
of its excellent properties, such as light weight, good machinabil-
ity, and proper strength. The high-density sponges attached to both
sides of the seesaw provided a good shock-resistant buffer layer,
resilience, and elasticity and guaranteed the robustness and toler-
ance of the seesaw structure at high rotation speeds. The aluminum
thin film attached to the surface of the sponges played the dual
role of a positive triboelectric friction material and an inductive
electrode. Four oblique planes were formed on the inner side of
the acrylic frame, and the same sponges in the shape of a square
plate were adhered to the four oblique planes. On the top surface
of the sponges, a layer of copper film followed by a layer of the
polymer film was conformably attached. The copper film served as
the back electrode of the S-TENG. A PDMS film was chosen as the
polymer film because of its intense negative triboelectric polari-
ties. The surface morphology of the PDMS film was modified as a
micro-structure pattern to strengthen the charge transfer. The SEM
(scanning electron microscope)image of the PDMS surface is shown
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Fig. 1. (a) Schematic illustration showing the structural design of the S-TENG. (b) Schematic of the S-TENG rotating system setup. (c) SEM image of PDMS film surface with

a micro-pyramid array pattern.

in Fig. 1c. The micro-pyramid arrays with an average side length of
6 wm was formed by using conventional MEMS technologies such
as photolithography, anisotropic silicon etching, PDMS casting etc.
(Support information S2) [36,37]. The unique structural design of
the seesaw system can increase the contact area by four times and
generate twice the electric output signal at every machine rota-
tion cycle. As for the rotation system, a speed-control motor and
its driver were mounted on an aluminum profile frame that was
utilized to drive the rotating motion at various speeds. One end of
the spindle was fixed to a stent, and the other end was connected
to the motor by a coupling element. Two disks with permanent
magnets were positioned at the middle of the spindle. In addition,
the S-TENG was positioned on an aluminum profile frame based
on a noncontact configuration for harvesting rotational energy.
The magnetic field strength was determined by changing the gap
between the rotating magnets and the wings of S-TENG device. The
operation of the S-TENG is demonstrated in Video S1.

The working principle of a triboelectric nanogenerator can be
explained on the basis of the contact electrification coupling with
electrostatic induction [38]. Here, the process of electricity genera-
tion of four individual contact-pair units is illustrated in Fig. 2a.
At State I, the aluminum film maintains full contact with the
PDMS surface. A charge transfer occurs upon contact between two
triboelectric friction layers. Owing to the opposite triboelectric
polarities, the negative electrons from the aluminum film are trans-
ferred onto the surface of the PDMS thin film. Since the surfaces of
the two triboelectric friction layers make complete contact, these
two opposite polarity charges are balanced out, and no electron
flow occurs in the external circuit. Once arelative distance is caused
as a result of rotation of the seesaw structure, the triboelectric
charges on the two discontiguous surfaces cannot be compensated.
The negative electrodes on the PDMS film drive free electrons on
the back copper electrode to the aluminum electrode through the
external circuit because of electrostatic induction, which is trying

to neutralize the positive triboelectric charges on the aluminum
electrode and to leave the positive induced charges behind on the
back electrode (State II). The induced electron flow lasts until the
distance between the two discontiguous surfaces reaches the max-
imum and the positive triboelectric charges are fully screened by
induced electrons (State III). As the relative anticlockwise rotation
continues, the PDMS film comes into contact with the aluminum
electrode (State IV) and the induced electrons flow back in the
opposite direction until the fully aligned position is restored (State
I). Therefore, AC electricity is generated in each cycle of the elec-
tricity generation process.

To acquire a more quantitative understanding of the operation
principle, a numerical simulation via the finite element method was
employed to calculate the potential distribution of the two elec-
trodes in an open-circuit condition [39]. The model had the same
dimensions as the real device. The triboelectric charge density on
the aluminum and PDMS layer surface was +10 w.C/m? [40]. Fig. 2b
shows the calculated potential distribution on the inductive elec-
trodes during the continuous movement of the seesaw structure
from State I to State IV. Peripheral region A had a cuboid-shaped
geometry to assume the entire simulation physics field that was
filled with air with a relative permittivity of 1.0006. The bottom
side of the cuboid-shaped geometry was used as a reference in the
simulation and was grounded. In Stage I, the two triboelectric fric-
tion layers were in full contact with each other, and the electric
potential difference between the PDMS and aluminum thin layers
maintained a minimum value of 1.09 kV. Subsequently, with the
clockwise rotation of the seesaw, the electric potential difference
between the two layers increased by 8.85KkV as the seesaw main-
tained a state of balance (Stage II) and attained the peak value of
9.23kV when the separation completed (Stage III). When the see-
saw structure reached a second balance state (Stage V), the electric
potential difference decreased as the distance between the two lay-
ers began to contract and exhibited the same behavior as in Stage
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Fig. 2. (a) Schematic illustrations showing the working principle of the proposed S-TENG with electron flow diagrams of four consecutive stages within a full cycle of
electricity generation. (Note that four contact-pair units are shown with surface charges for clarity of illustration, and other components of the S-TENG device are hidden for
easier presentation.) (b) Calculated potential distribution on the inductive electrodes via the finite element method. The model had the same structure and dimensions as

the real device. The triboelectric charge density was about 10 u.C/m~2.

II. As can be seen from the simulation results, the electric potential
difference between the PDMS and the aluminum layers increased
as the separation between the two layers increased, resulting in
a flow of electrodes from the copper electrodes to the aluminum
electrodes.

The S-TENG had a special structure including four individual
contact-pair units based on a nonparallel charge separation mecha-
nism. The triboelectric contact pairs of the TENGs of the nonparallel
contact-mode were mainly derived from two categories, including
two types of dielectric-to-dielectric and conductor-to-dielectric.
First, to thoroughly investigate the intrinsic output characteris-

tics, the theoretical model [41,42] of the S-TENG employed in the
conductor-to-dielectric nonparallel-plate contact mode was built
as depicted in Fig. 3. The open-circuit voltage and the short-circuit
current generated across the output terminal can be defined by

_oSo(t)
"= Solin(Rs /) W
C2odyw(t) )

~ In(Ri/Ry)leg?’
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Fig. 3. (a) Theoretical models for conductor-to-dielectric nonparallel-plate contact
mechanism TENG. (b) Equivalent circuit diagram of theoretical models.

Where is calculated by

805

In these equations, gq is the vacuum permittivity, s is the contact
area, o is the generated surface triboelectric charge density, w(t) is
the rotational angle velocity at a given state, 6(t) is the relative angle
between the metal and dielectric, €, and d, represent the relative
permittivity and thickness of the dielectric, R; is the line length
between the point o and point 1, R; is the line length between the
point o and point r,, respectively. These formulas indicate that the
only influencing factor of the open-circuit voltage (V) is the gen-
erated triboelectric charge density, but both the contact speed and
the generated triboelectric charge density were directly propor-
tional to the short-circuit current (Is¢ ). The theoretical model of the
TENGs employed in the dielectric-to-dielectric nonparallel-plate
contact mode and the specific details for calculation procedures
are described in supporting information S4.

To investigate the electrical output performance, various short-
circuit current and open-circuit voltage curves of the S-TENG were
measured using the experimental setup. First, the output charac-
terization of the S-TENGs with two different PDMS surface features

C= — s R 3) were evaluated and compared to understand the importance of
do + Tln}_g]z surface morphology in power generation. Under a magnetic field
d strength of 0.2 T, the output V. curves were measured using flat
do =22, (4) and micro-pyramid-patterned PDMS films at a rotation speed of
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Fig. 4. Electrical output of the S-TENG under a magnetic field strength of 0.2 T. (a) Measured output V,. curves using flat PDMS thin film and micro-pyramid pattern at a
rotation speed of 300 rpm. (b) and (c) Measured V,. and I curves at a rotation speed of 300 rpm, respectively (inset: enlarged view of voltage and current peaks). (d-g)
Measured V, curves of four different contact pairs at a rotation speed of 500 rpm. (h and i) Measured V. and Isc curves with two contact pairs (top and bottom) connected

in parallel at a rotation speed of 500 rpm.
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Fig. 5. Electrical output performance of the S-TENG (note that the electrical output of only one contact pair is shown for easily presentation). (a) Measured V,. curves with
rotation speeds from 100 to 800 rpm under a magnetic field strength of 0.2T. (b) Measured I, curves with rotation speeds from 100 to 800 rpm under a magnetic field
strength of 0.2 T. (c) Measured V,. curves under magnetic field strengths from 0.04 T to 0.2 T with a rotation speed of 200 rpm. (d) Measured I curves under magnetic field

strengths from 0.04 T to 0.2 T with a rotation speed of 200 rpm.

300rpm as shown in Fig. 4a. This result clearly indicates that the
output efficiency of the pyramid-type surface was much better than
that of the flat PDMS surface because of the higher charge density
at the top of the pyramid which increased the contact area dur-
ing the periodic contact process. The electrical output (V. and Is
curves) of the S-TENG with the pyramid-type PDMS at a rotation
speed of 300rpm are presented in Fig. 4b and c. The inset is an
enlarged view of the voltage and current peaks exhibiting continu-
ous AC output and oscillating behavior between zero and the peak
value. The maximum output of V,: and Isc were as high as 260V and
64 p.A (corresponding to a power density of 13.86 W/m?). Fig. 4d-g
show the equivalent and stable output V,. behaviors of four differ-
ent contact pairs in the left and right sides at a rotation speed of
500 rpm. As shown in Fig. 4h-i, the number of peaks in V. and I
doubled when two contact pairs (top and bottom) were connected
in parallel by an electrical wire. The insets show the output V, and
Isc curves from one of the four contact pairs. These results indicate
that the fabricated S-TENG device with four contact-pair units had
a high-performance because of its increased contact area.
Toinvestigate the influence of the rotational speed and magnetic
field strength on the output performance of the S-TENG, additional
experiments were conducted with the fabricated S-TENG as shown
in Fig. 5. Fig. 5a and b show the measured V,. and I characteris-

tics at rotation speeds from 100 to 800 rpm under a magnetic field
strength of 0.2 T. Fig. 5c and d show the measured V, and Is¢ char-
acteristics under magnetic field strengths from 0.04T to 0.2T at a
constant rotational speed of 200 rpm. These results indicate that
the outputs Vi and I of the S-TENG increased with an increase
in the magnetic field strength from 0.04T to 0.2 T. However, V.
and I, decreased with an increase in the rotation rate from 100
to 800 rpm. These results indicate that the strength of the mag-
netic field affects the contact force during the triboelectricfriction
material contact. Increased contact force has a linear relationship
with polymer surface deformation and increases the contact area.
Increasing the contact charging area of the S-TENG leads to a larger
triboelectric potential and increment of triboelectric charge den-
sity between the polymer surface and the electrodes, leading to
a higher induced charge transfer [43]. Referring to study [44,45],
a linear relationship between velocity and output current can be
attributed to the increasing frequency [24]. Considering the struc-
ture and operation principle of the available TENG, changing the
linear rotational rate had no influence on the transferred charge
density under a constant applied force, and a higher linear rota-
tional rate resulted in a faster charge transfer rate. In addition, the
Voc maintained a stable trend at different rotation rates because
the voltage was only a function of distance. However, when the
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Fig. 6. Influence of rotation speed and magnetic field strength on output performance of the S-TENG. (a) Graph of output V,. at various rotation rates. (b) Graph of output
power density at various rotation rates. (c) 3D surface graph of average output open-circuit voltage vs. rotation speed and magnetic field strength. (d) 3D surface graph of

output power density vs. rotation speed and magnetic field strength.

S-TENG scavenges mechanical energy from the rotating motion,
according to the dynamic analysis and magnetic simulation of
the entire rotation period (Support information S5 and Video S2),
the linear rotation rate nonlinearly influenced the contact force
between the aluminum and the PDMS triboelectric layer, and the
contact force was reduced constantly with an increased rotation
rate. Therefore, the output power slightly decreased. However, it
would be possible to compensate the depressed output power by
increasing the magnetic field strength. Further experiments were
performed to systematically explore the influence of the rotation
speed and magnetic field strength on the output characterization
as shown in Fig. 6a and b. The average output open-circuit volt-
age and power density decreased with an increase in the rotation
speed. The average open-circuit voltage and power density as a
function of magnetic field strength and rotation speed are plotted
in Fig. 6¢c and d. These results indicate that the electrical output
can be effectively collected in wide ranges of rotation speed and
magnetic field strength with the fabricated S-TENG device. Higher
output can be achieved if stronger magnets are employed or lower
rotational velocity is applied.

It is very important to characterize the internal impedance
characteristics of the fabricated S-TENG to be able to decide the
value of the load resistor for maximum power transfer. In this
respect, the electric output performance of the S-TENG was system-
atically studied with different load resistances under a magnetic

strength of 0.2 T. Fig. 7a shows the resistance dependence on out-
put voltage and current from 1 k€2 to 1 G2 at a rotation speed
of 500 rpm with only one contact-pair unit. The output current
decreased with increasing resistance, while the output voltage
exhibited the reverse trend, but both the current and voltage tended
to saturate at both high and low values of resistance. The internal
impedance value of the S-TENG was also experimentally confirmed
with short-circuit and open-circuit configurations. The power den-
sities corresponding to the values of an external resistor are plotted
in Fig. 7b. The maximum power from one section of the S-TENG was
about 2.6 W/m?2 at 1 M. This value is high enough to operate most
small wireless sensor units. When the S-TENG is connected with a
diode bridge for rectification (insert in Fig. 7d, the electric circuit
diagram of capacitor charge), the induced charges can be accumu-
lated into a capacitor. As illustrated in Fig. 7c, a 10-.F capacitor was
charged by S-TENGs with different numbers of contact-pair units
at a rotation speed of 500 rpm. An enhancement on equivalent DC
output voltage from 3.4V to 14.2V was achieved by increasing the
number of contact-pair units from one to four. To demonstrate the
ability of the fabricated S-TENG to serve as a direct power source
for small electronic devices, a total of 120 commercial LEDs divided
into two arrays were connected to four contact-pair units as exter-
nal loads. The LED connection schematic is illustrated in Fig. 7e. The
output power generated by the periodic clockwise and anticlock-
wise rotational motion of the S-TENG seesaw structure was about
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Fig. 7. Output performance of the S-TENG. (a) Relationship between output voltage/current and resistance of external load at 500 rpm. (b) Relationship between effective
power density and resistance of external load at 500 rpm. The maximum power density was received when the external resistance was 1 M. (¢) Measured voltage of a
10-wF capacitor charged by the S-TENG with different numbers of contact-pair units at a rotation speed of 500 rpm. (d) Capacitor charging circuit diagram. (e) Schematic of
S-TENG connected to four LED arrays. (f) Demonstration of the S-TENG as a direct power source for driving 120 LEDs when the LEDs were on. (g) Robustness of the S-TENG
at a rotation speed of 800 rpm. The electric output remained stable, but a slight decline of the maximum V,. and Isc occurred. (h) Durability data of the S-TENG compared to

TENGs with various work modes and device structures.

7.43 W/m? at a rotation rate of 500 rpm. As shown in Fig. 7f, the 120
LEDs were energized alternately by two diagonally placed contact-
pair units of the S-TENG (see Video S3). The robustness of the
S-TENG was also examined by repeated contacts at a rotation speed
of 800 rpm. As shown in Fig. 7g, a slight decrease of 0.6% (from 49.6
to 49.3 wA) was observed for the Is, while the V,, dropped slightly

from 124 to 123V (~0.8%). These results demonstrated the promi-
nent durability of the S-TENG based on the contact mechanism,
which were considerably better than that of other TENGs based on
sliding mechanisms including rotating friction, rolling friction, and
sliding friction [24,34,46,47|. Therefore, the S-TENG has a substan-
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tially increased service life compared to that of conventional TENGs
for rotational energy harvesting as shown in Fig. 7h.

A wireless temperature monitoring sensor system (eZ430-
RF2500, Texas Instruments) was employed to demonstrate the
feasibility of the proposed S-TENG. Fig. 8a shows schematic dia-
gram of the wireless sensor node combined with the S-TENG and
the RF receiver. Generated charges from the S-TENG were stored
in a capacitor though a rectifier circuit and the charged capacitor
was used as a direct power source to operate the wireless tem-
perature sensor. Next, the temperature data was collected using
the RF receiver in real time and the temperature information was
displayed on a monitor through a simple interface. Fig. 8b shows
the charging and discharging sequence when the capacitor is con-
nected to the wireless sensor node. The S-TENG was operated at a
rotation speed of 500 rpm for about 3 h to charge a 3 mF capacitor
and the energy stored in the capacitor was then used to power
the wireless sensor for about 25s. The capacitor voltage imme-
diately dropped to about 2.5V as the sensor node was initialized
for the operation. The wireless temperature sensor consists of a
microcontroller (MSP430F2274)and a 2.4-GHz wireless transceiver
(€S2500). The minimum current is about 11 mA and the voltage
range is from 1.8V to 3.6V, which are required for successfully
transmitting data. When the receiver was connected with the com-
puter, the obtained data was transmitted from the wireless sensor
to the receiver, and the temperature information was displayed
on the computer screen as shown in Fig. 8c. Based on prelim-
inary experiment, it is expected that the proposed S-TENG can
realize more potential applications in wireless sensor monitoring
networks.

4. Conclusions

In summary, we successfully developed a seesaw-structured
triboelectric nanogenerator for converting rotational mechanical
energy into electricity. The seesaw system quadrupled the tri-
boelectric contact area and generated double the frequency of
electrical output of conventional systems at every rotation cycle.
The steady and high-performance electrical output of the S-TENG
was achieved in wide ranges of rotation speed and magnetic field
strength. The maximum output power density of 13.86 W/m?2 (Voc
of 260V and Is of 64 wA) was achieved at a rotation speed of
200rpm under a constant magnetic field strength of 0.2 T. The S-
TENG performed as a direct power source to alternately illuminate
120 LEDs in real time and to charge a capacitor with up to 14.2V in
240s. With the employed magnetic-coupling contact mechanism,
the polymer morphology abrasion was greatly improved compared

to that of a sliding mechanism and largely enhanced the reliability
and durability of the TENG for scavenging energy from rotational
motion. The proposed S-TENG is expected to realize more potential
applications such as self-powered wireless sensor nodes in struc-
tural health and condition monitoring system.
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