Nano Energy 104 (2022) 107867

FI. SEVIER

Contents lists available at ScienceDirect

Nano Energy

journal homepage: www.elsevier.com/locate/nanoen i materliodey

Check for

Multi-purpose triboelectric-electromagnetic hybrid nanogenerator with a e
mechanical motion-controlled switch for harvesting low-frequency energy™

Yan Zhang ™", Kangqi Fan™", Jiuling Zhu®, Shuxin Wu*, Sheng Zhang ", Tinghai Cheng" ",

Zhong Lin Wang ™%’

@ School of Mechano-Electronic Engineering, Xidian University, Xi’an 710071, China

b Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 101400, China
€ School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, GA 30332-0245, United States

ARTICLE INFO ABSTRACT

Keywords:

Low-frequency motions

Triboelectric nanogenerator

Water waves

Mechanical motion-controlled switch
Energy harvesting

The renewable mechanical energy is pervasive but mainly contained in diverse, low-frequency and irregular
motions, making its efficient exploitation highly difficult. Here, a multi-purpose triboelectric-electromagnetic
hybrid nanogenerator (M-TEHG) is developed to tackle this issue through an ingenious mechanical motion-
controlled switch (MMS). Consisting of a sprung-pendulum, a stiffness-adaptive plectrum and a slideable
rotor, the MMS can not only transform low-frequency motions to one-way and high-speed spin but also enable
the M-TEHG to automatically switch between non-contact state and contact state under the action of the rotor
gravity. The M-TEHG exhibits frequency-multiplied outputs, improved durability, and superior adaptability to
various motions. When triggered by low-frequency (< 5 Hz) swings and vibrations, the watch-sized M-TEHG can
provide milliwatt-level electric power. When the M-TEHG is exposed to irregular water waves of around 1 Hz, the
output power can reach roughly 0.7 mW. By harvesting human arm motions and water waves, the M-TEHG can
power an electronic watch, drive a hygrometer, and light up 120 LEDs. This work provides a prospective strategy
for tapping diverse low-frequency irregular motions as a green power source for wearable electronics and
environment sensing systems.

1. Introduction

In the era of Internet of Things (IoT), a large number of widely
distributed electronics are being connected into networks to exchange
and process information anywhere and anytime [1,2]. With the rapid
expansion of IoT, these battery-based electronics encounter two formi-
dable challenges [3,4], one of which is the prohibitively high cost
associated with the periodic renewal of numerous energy-limited bat-
teries and the other is the potential environmental pollution caused by
the fast-growing number of expired batteries. To address this issue, a
renewable energy source is urgently demanded to continuously power
these broadly dispersed electronics, break through the critical restraints
of batteries, and hence sustain the long-term development of IoT.
Among various renewable energy sources, the ambient mechanical

energy has attracted worldwide attention owing to its ubiquitous
advantage and diverse transduction mechanisms [5-7]. The
medium-high frequency vibrations and high-speed rotations have been
converted into electricity by means of piezoelectric effect [5,8] and
electromagnetic induction effect [9,10]. However, the dominant part of
the ambient renewable mechanical energy is contained in low-frequency
(< 5 Hz) and irregular motions (e.g., ocean waves [11], human limb
swings [12], and track-induced vibrations [13]), for which piezoelectric
generators suffer from frequency-mismatch induced low efficiency and
electromagnetic generators are impaired by the slow change rate of the
magnetic flux through pick-up coils.

Invented by Wang et al. in 2012 [14], triboelectric nanogenerator
(TENG) exhibits superior performance in harvesting low-frequency and
irregular motions [15-17] and thus provides a desirable solution to the
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sustainable powering of widely distributed electronics. Based on Max-
well’s displacement current [18,19], TENG has diverse working modes
and can generate very high output voltage through the conjunction of
triboelectrification and electrostatic induction even at extremely low
triggering frequencies [20-22], making it a parallel energy technology
to the conventional electromagnetic generator [23,24]. With the pre-
dominant advantages of diverse material selection, simple structure, low
cost, and lightweight, TENG has broad applications in nanoenergy
[25-27], self-powered sensors [28-30], and large-scale blue energy
[31-33]. So far, a series of TENGs have been developed to harvest
ambient low-frequency mechanical motions, but most of them work at a
frequency close to the low motion frequency, leading to spare electric
pulses and thus low effective power. The primary cause is the lack of a
multi-purpose motion modulation mechanism that can transform
low-frequency and irregular motions to one-way and high-speed spin to
multiply the output frequency.

Another technical hurdle for TENG in the tapping of low-frequency
motions is the low mechanical durability and electrical stability. To
generate high electric outputs, close contact and rubbing between tribo-
materials are required to maximize the contact electrification effect.
However, the rubbing between tribo-materials may lead to severe ma-
terial abrasion and thus gradually deteriorating output performance
[32,34]. The non-contact TENGs can avoid the direct rubbing between
tribo-materials, but the gradual dissipation of charges preserved on the
dielectric tribo-layers also brings about diminishing electric outputs. To
solve this dilemma, the soft contact design (using flexible materials [35,
36] or rabbit furs [37,38] as the dielectric tribo-layers) and working
mode transition strategy (switching between contact mode and
noncontact mode) [39,40] have been proposed, but they require
continuous and strong driving forces (e.g., strong wind) to work, which
the low-frequency and irregular motions cannot provide. Therefore,
even if the transformation of low-frequency motions to high-speed spin
could be implemented, an approach that can reduce the material abra-
sion without high demands for driving forces is still desired for rotary
TENGs to achieve high mechanical durability and electrical stability
under low-frequency and irregular motions.

Contrary to the large current but small voltage of electromagnetic
generators (EMGs), the TENG has a high voltage and low current output
under low frequency/speed conditions [23,41]. A hybrid generator ob-
tained by integrating the two transduction mechanisms in one device
can not only generate more electricity from one motion but also provide
high voltage output (from the TENG) and large current output (from the
EMG) [41-43]. In view of that the electricity converted from ambient
mechanical energy is generally accumulated in capacitors to power
electronics when the required voltage level is reached, the compara-
tively large current from the electromagnetic part of a hybrid generator
can establish an infrastructural voltage level, based on which higher
voltage of the capacitor can be achieved more quickly by the TENG part.
Despite the distinctive advantages of a triboelectric-electromagnetic
hybrid generator (TEHG), the challenge is how to ensure the simulta-
neous work of the two parts under the same motion.

In this paper, we report a multi-purpose TEHG (M-TEHG) that is
realized with an ingenious mechanical motion-controlled switch (MMS)
to efficiently harvest low-frequency vibrations, swings, and water
waves. Consisting of a sprung-pendulum, a plectrum and a rotor, the
MMS can transform low-frequency and irregular motions to one-way
and high-speed spin, enabling the M-TEHG to generate frequency-
multiplied electric outputs. With a tiny interspace between the rotor
and supporting shaft, the M-TEHG can automatically transition between
noncontact mode (NC-mode) and contact mode (C-mode) under the
action of the rotor gravity, contributing to improved mechanical dura-
bility. A watch-sized M-TEHG can generate high output power of 8.78
mW, 4.85 mW, and 0.693 mW from low-frequency vibrations (5 Hz),
swings (4 Hz), and water waves (1 Hz), respectively. The M-TEHG has
also been used to successfully power an electronic watch, drive a hy-
grometer, and light up dozens of LEDs by harvesting human arm swings
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and water waves, demonstrating broad applications in self-sustained
wearable electronics and maintenance-free environment monitoring
systems.

2. Results and discussion
2.1. M-TEHG configuration and working principle

The M-TEHG is developed to harness ambient low-frequency me-
chanical energy, such as the energy contained in human limb swings,
ocean waves, and bridge vibrations, as shown in Fig. 1a. The electricity
generated by M-TEHG (Figs. 1b and S1), after being rectified and
accumulated in capacitors, has broad applications in wearable elec-
tronics, lighting electronics, and environment monitoring devices, as
shown in Fig. lc. The M-TEHG consists of a coaxially assembled
pendulum and rotor, a disk-shaped electrode plate, and sixteen radially-
arrayed pick-up coils, all of which are packaged in a watch-shaped
housing with a circular lid. The pendulum includes a fan-shaped sub-
strate with embedded mass blocks to tune its rotary inertia. A spiral
spring is mounted between the pendulum and the lid to store the
clockwise swing energy of the pendulum to enlarge the driving force for
the anticlockwise spin of the rotor. A stiffness-adaptive bistratal plec-
trum is fixed to the pendulum to drive the rotor. The rotor with jagged
inner wall comprises sixteen radially-arrayed magnets and three fan-
shaped Fluorinated Ethylene Propylene (FEP) films, which enables the
power generation through the triboelectric effect and the electromag-
netic induction principle concurrently from the same motion (i.e., the
spin of the rotor). The electrode plate anchored to the inner bottom of
the housing includes six fan-shaped copper electrodes, forming two
complementary electrode networks. The radially-arrayed pick-up coils
each with 150 turns of varnished wire are connected in series and
attached to the inside wall of the housing.

The M-TEHG first converts ambient low-frequency motions to (two-
way) swing of the pendulum, and the latter enables the anticlockwise
spin of the rotor through the stiffness-adaptive bistratal plectrum, as
shown in Fig. 1d. Due to the one-way and rapid spin of the rotor, electric
outputs can be generated simultaneously from both the triboelectric unit
(FEP films and electrodes) and the electromagnetic unit (magnets and
coils) with frequencies far larger than the excitation frequency, engen-
dering enhanced output performance. Since the pendulum accelerates
the rotor only during its anticlockwise swing, a spiral spring is employed
to store the clockwise swing energy of the pendulum and release the
stored energy to drive the rotor when the pendulum swings anticlock-
wise. Therefore, the introduction of the spiral spring contributes to the
utilization of the entire stroke energy of the pendulum, which is
conducive to the performance improvement of the M-TEHG.

In the M-TEHG, the motion modulation, i.e., transforming the swing
of the pendulum to one-way spin of the rotor, is realized through a
bistratal plectrum, as illustrated in Figs. 2a and S2. To exhibit this
process, we calculated the stiffness of the plectrum under different
conditions, as shown in Fig. S3 and elaborated in Supplementary Note 1.
When the pendulum is triggered by ambient motions to swing anti-
clockwise, the plectrum moves along with the pendulum and spins the
rotor in the same direction. In this case, the (forward) stiffness K; of the
plectrum is large owing to the strengthening effect of the rigid layer,
which can be determined by

12E1

K — 1
' sin p[4Le? — Le(3Ls — Le)’] m

where E, I, and Lg, are respectively the Young’s modulus, area moment of
inertia, and length of the elastic layer; Ly is the length of the rigid layer;
¢ is the dip angle of the plectrum.

When the pendulum swings clockwise with respect to the rotor, the
elastic layer of the plectrum detaches from the rigid layer and slides on
the inner wall of the rotor. The (backward) stiffness K of the plectrum in
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Fig. 1. Structure and application scenarios of the M-TEHG. (a) Exploitable energy sources by the M-TEHG. (b) Exploded view of the M-TEHG. Inset 1 demonstrates
the FEP films arranged on the bottom of the rotor. Inset 2 is a picture showing the fabricated prototype. (c) Potential applications of the M-TEHG. (d) Working process

of the M-TEHG.

this case depends only on the elastic layer, i.e.,

3EI

oL

2

Without the reinforcing effect of the rigid layer, the backward stiff-
ness K of the plectrum is largely reduced as compared with the forward
stiffness Kj, as shown in Fig. S3.

It can be seen from the above analysis that the plectrum can auto-
matically switch its stiffness between K; and K in accordance to the
relative motion between the pendulum and the rotor. The motion
modulation can be achieved if K; > > K5, which requires Lg — Lg < < Lg.
Moreover, mounting the plectrum on the pendulum with a dip angle ¢
can not only significantly increase the forward stiffness K; but also
reduce the deflection AL of the elastic layer required to make the plec-
trum slide on the inner wall of the rotor (Fig. S3). The method for
determining AL is given in Supplementary Note 1 [44]. With a suffi-
ciently large forward stiffness, very small backward stiffness, and tiny
deflection of the elastic layer, the one-way spin of the rotor can be
realized by the pendulum and the stiffness-adaptive plectrum.

In the M-TEHG, the bearing used for assembling the rotor has an
inner ring diameter slightly larger than the diameter of the supporting
shaft. This design allows the rotor to move along the spin axis and switch
between C-mode and NC-mode. If the spin axis of the M-TEHG tilts
rightward, the rotor will move toward the electrode plate under the
action of the gravity and make the M-TEHG work in C-mode, as illus-
trated in Fig. 2b. In this mode, the FEP is negatively charged while the

Cu electrode is positively charged owing to the triboelectric effect [45],
as shown in the right panel of Fig. 2c. As the rotor spins, the negatively
charged FEP will drive positive charges to flow back and forth between
the two electrodes via the external circuit and electric load, converting
the mechanical energy of the rotor into electric energy. On the contrary,
if the spin axis of the M-TEHG tilts leftward, the rotor will move away
from the electrode plate and thus the M-TEHG shifts into NC-mode.
Enabled by the electrostatic induction, positive charges can also flow
between the two electrodes through the external circuit to follow the
motion of the negatively charged FEP, as illustrated in the left panel of
Fig. 2c. The electrical potential distributions of the triboelectric unit in
the two working modes are also calculated and given in Fig. S4 to show
the potential difference between the two electrodes, which is the origin
of the charges flowing in the external circuit. The electromagnetic unit
works on the basis of the electromagnetic induction principle, as illus-
trated in Fig. 2d. When the magnet rotates along with the rotor and
sweeps over the coil, the magnetic flux through the coil first grows and
then declines, inducing the electric current in the coil to produce such a
magnetic field that resists the variation of the magnetic flux through the
coil. As a result, the induced current changes its direction when the
magnet sweeps over the coil. Due to the circular and periodical
arrangement of the magnets on the rotor, when one magnet moves away
from the coil, the adjacent magnet starts to sweep over the coil and
engender induced current in the coil again. As the rotor spins, this
process repeats and alternating current can be produced continuously by
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Fig. 2. Schematic diagram of the M-TEHG. (a) Transformation of the two-way swing of the pendulum to one-way spin of the rotor. (b) Working modes under various
title angles of the spin axis. (c) Schematic working principle of the triboelectric unit under C-mode and NC-mode. (d) Schematic working principle and simulated

magnetic flux distribution of the electromagnetic unit.

the electromagnetic unit.

To achieve the highest output performance, rotary TENGs are nor-
mally designed to work in C-mode to maximize the triboelectrification
effect [46-48]. Due to the rubbing between tribo-materials, the C-mode
TENG suffers from severe material abrasion, low mechanical durability,
and unstable electric outputs [38]. Moreover, overcoming the friction
resistance of C-mode TENGs requires strong driving forces [2], which
ambient low-frequency and irregular motions can scarcely provide. The
material abrasion and friction resistance can be addressed by setting the
TENG work in the NC-mode. However, without direct contact between
tribo-materials, the charges preserved on the surfaces of dielectric ma-
terials fade away, leading to degenerative output performance [34]. One
ideal solution to this issue is the working mode transition (WMT)

strategy, by which the TENG works predominantly in NC-mode to avoid
material abrasion and friction resistance and intermittently transitions
into C-mode to replenish the dissipated charges through the tribo-
electrification effect [32,36,39]. For the M-TEHG that works normally
with its spin axis parallel to the ground, although the rotor can move
along its axle, it works mainly in the NC-mode because a tiny contact
force induced in the C-mode can push the rotor away from the electrode
plate and force the M-TEHG back into the NC-mode. In view of the fact
that ambient motions are generally irregular, unstable, and
direction-inconstant, the spin axis of the M-TEHG will probably tilt
leftward and rightward alternately in practical applications, making the
M-TEHG intermittently switch between C-mode and NC-mode. As a
result, the automatic WMT can be realized through the utilization of the
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irregularity and unstability of practical motions to improve the
long-term durability and stability of the triboelectric unit. The WMT of
the M-TEHG is exhibited in Supporting Video S1 and Fig. S5. When the
human arm swings with the spin axis of the M-TEHG tilting leftward, the
device works in NC-mode, leading to comparatively low electric output.
On the contrary, if the device swings with its spin axis tilting rightward,
it works in C-mode, bringing about significantly high electric output.
Due to the irregularity of practical low-frequency motions, such as
human arm swings, the working modes of the M-TEHG can be switched
automatically and intermittently. The WMT condition and the improved
durability of the M-TEHG are elaborated in the next section.

2.2. Demonstration of motion modulation by MMS

Although the ambient mechanical energy is abundant, its direct
conversion into electricity is normally inefficient due to the irregularity,
unstability and low occurring frequency [49]. For example, the
pendulum-based generators can only respond to ambient motions at low
frequencies due to the two-way swing of the pendulum with small angles
and low speeds [50-52], leading to low output power (< 0.1 mW). The
M-TEHG overcomes this limitation via the motion modulation strategy
implemented by an innovative MMS. To examine the feasibility and
effectiveness of this strategy, we used both a stepper motor and a swing
arm to actuate the M-TEHG to observe the output characteristics of the
triboelectric unit.

When the pendulum of the M-TEHG is driven directly by a stepper
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motor at 4 Hz, the measured open-circuit voltage (OC-voltage) Voc and
short-circuit current (SC-current) Ig¢ of the triboelectric unit are shown
in Fig. 3 along with the spin speed  of the rotor, which demonstrate the
successful transformation of two-way swing of the pendulum to one-way
spin of the rotor. For tilt angle 8 < —30°, the M-TEHG works in NC-
mode and generates almost constant electric outputs (Voc = 50 V and
Isc = 0.3 pA) under a comparatively small swing amplitude of a = 60°,
as shown in Fig. 3a, b. If ¢ varies between —10° and 0°, the horizontal
tremor of the rotor due to the minute interstice between the bearing and
the shaft takes effect, which brings about the occasional sliding contact
or rubbing between the rotor (FEP films) and electrodes and hence
gradually increased Vpc and Isc. For 6 > 0°, the M-TEHG works all the
way in C-mode and the contact force F¢ between the FEP film and the
electrode can be calculated as

Fc = Mg sin 6 3)
where M represents the effective mass of the rotor and g = 9.8 m/s? is
the acceleration of gravity. It is apparent that F is positively related to 6
in the range from 0° to 90°. Due to the enhanced triboelectric effect with
the enlarged contact force, electric outputs of the triboelectric unit grow
continuously with increasing 6 from 0° and reach the saturated values
(Voc = 200 V and Isc = 1.4 pA) when 0 > 60°. Electric outputs of the
triboelectric unit are attributed to the transformation of the swing of the
pendulum to the spin of the rotor, as shown in Fig. 3¢, where the spin/
swing speed is measured at @ = 60° and ¢ = 0°, and the pendulum speed
herein represents the anticlockwise rotary speed of the stepper motor. In

—— Rotor - =---Pendulum

<100+

o

> 501

Fig. 3. Demonstration of transforming two-way swing to one-way spin by the MMS when the pendulum is driven directly by a motor. (a) OC-voltage and (b) SC-
current under various tilt angles for a = 60°. (c) OC-voltage, rotor spin speed and pendulum swing speed for @ = 60° and 6 = 0°. (d) OC-voltage and (e) SC-current
under various tilt angles for a = 180°. (f) OC-voltage, rotor spin speed and pendulum swing speed for « = 180° and 6 = 0°.
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this test, the pendulum moves synchronously with the motor since it is
driven directly by the shaft of the motor. The motor was programmed to
rotate bi-directionally with an almost constant speed except the tran-
sient reversing process (~0.03 s), as shown in Fig. S6. Since the rotor in
the M-TEHG spins anticlockwise, the anticlockwise speed of the
pendulum, which is equal to the anticlockwise rotary speed of the
stepper motor, is chosen to make a comparison between the rotor and
the pendulum.

If the swing amplitude «a is increased to 180°, electric outputs of the
triboelectric unit exhibit a trend akin to that when a = 60°, as shown in
Fig. 3d, e. An observable difference is that, for « = 180°, the OC-voltage
is saturated at around 177 V with the increasing value of 0, which is
lower than the saturated voltage of 200 V under a small swing amplitude
of a = 60°. For a given swing frequency of 4 Hz, the swing speed of the
pendulum as driven by the motor grows with the rise of swing ampli-
tude, which contributes to the enhanced spin speed of the rotor, as
shown in Fig. 3¢, f. Since the high-speed spin of the rotor affects the
contact intimacy between the FEP films and electrodes, the saturated
OC-voltage is reduced under a large swing amplitude of 180°. Although

Nano Energy 104 (2022) 107867

the triboelectric effect is slightly weakened under a high spin speed of
the rotor, the induced charges flow in the external circuit with a
significantly increased speed, engendering high output current Isc = 3.6
pA at § = 60° under a large swing amplitude a = 180°. Moreover, for
a = 180° and 6 = 0°, the rotor spins at a speed around 5.7 rps (round per
second), which is 142.5% increase as compared with the swing speed
(4 rps) of the pendulum. Consequently, the frequency-multiplied output
performance of the M-TEHG is enabled by the enhanced spin speed of
the rotor.

To exhibit the feasibility of the motion modulation in practical ap-
plications where the two-way swing of the pendulum is engendered by
external motions, we excited the M-TEHG using a swing arm with a
length of L = 270 mm and swing amplitude of y = 20° at 4 Hz to observe
the output characteristics, as schematically illustrated in Fig. 4a. Owing
to the effect of the rotary inertia, the pendulum swings oppositely with
respect to the swing arm, resulting in the periodical storage and release
of the swing energy of the pendulum through the spiral spring. Similar to
the observation when the pendulum is driven directly by a motor,
electric outputs of the triboelectric unit in this case also rise from 40 V/1
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Fig. 4. Demonstration of transforming two-way swing to one-way spin by the MMS when the M-TEHG is driven by a swing arm. (a) Schematic illustration of swing
excitation. (b) OC-voltage and (c) SC-current at various tilt angles. (d) OC-voltage and SC-current versus tilt angle. (¢) Root-mean-square speeds of the M-TEHG and
SEH. (f) Output power of the M-TEHG and the preset NC-mode M-TEHG at various swing frequencies. (g) Durability of the M-TEHG and the preset NC-mode M-TEHG.

(e)-(g) were measured under § = 0° and y = 20°.
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pA to 142 V/2.6 pA with increasing the tilt angle 6 from —30-30° as the
M-TEHG transitions gradually from NC-mode to C-mode, as depicted in
Fig. 4b, c. The introduction of the spiral spring to the pendulum does not
change the intermittent sliding contact between the FEP films and
electrodes and thus has insignificant effect on the output voltage of the
triboelectric unit, as shown in Fig. 4d. However, with the spiral spring,
the entire stroke energy of the pendulum can be utilized, which con-
tributes to the enhanced spin speed of the rotor and hence enlarged
output current from the triboelectric unit as compared with that without
the spiral spring. It should be noted that the SC-current without the
spiral spring drops when the tilt angle rises from 20° to 30° due to the
increased contact force and the resultant friction between the rotor and
the electrode. Without the spiral spring, the spin speed of the rotor de-
clines quickly with the increased friction resistance, which lowers the
charge transfer speed and hence leads to reduced output current with
increasing the tilt angle from 20° to 30°.

Compared with the pendulum speed of a conventional swing energy
harvester (SEH), the rotor speed of the M-TEHG is remarkably increased,
as shown in Fig. 4e. For this reason, electric outputs of the M-TEHG are
almost one order of magnitude higher than those of the SEH, as shown in
Fig. S7. If the M-TEHG is designed to work only in C-mode (preset C-
mode, i.e., the rotor cannot move along the supporting shaft), the
comparatively small driving force of the pendulum cannot overcome the
friction drag between the rotor and the electrode layer to generate
electricity. Although the M-TEHG can work in the preset NC-mode, both
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the OC-voltage and the SC-current are lower than those of the proposed
(WMT) M-TEHG, as plotted in Fig. S8. Moreover, thanks to the continual
replenishment of triboelectric charges, the output power of the proposed
M-TEHG is significantly higher than that of the preset NC-mode M-
TEHG, as exhibited in Fig. 4f. The durability of the M-TEHG was also
examined by exposing it to a swing motion of 4 Hz for 30 min each day
for 7 days, as shown in Fig. 4g. Compared with the preset NC-mode M-
TEHG that can only maintain 40% of its electric output, the proposed M-
TEHG can retain 85.5% electric output. The M-TEHG also has improved
or comparable durability as compared with other designs, as shown in
Table S1. The excellent durability of the proposed M-TEHG is attributed
to the intermittent and automatic WMT that originates from the tiny
motion of the rotor along its axle. The automatic WMT enables the
triboelectric unit to regenerate and replenish the dissipated charges at
the cost of significantly reduced material abrasion and friction
resistance.

When the spin axis of the proposed M-TEHG is parallel to the ground
(0 = 0°), the OC-voltage output can persist for 13 s without observable
attenuation after the external swing is stopped (Fig. S9). However, the
output current decays with the decreasing spin speed of the rotor. For
the electromagnetic unit, both the voltage and current attenuate after
the external swing is removed since they are positively related to the
spin speed of the rotor, as illustrated in Fig. S10. Moreover, the M-TEHG
can generate electric outputs at a frequency (~ 33 Hz) far larger than the
excitation frequency (4 Hz), exhibiting frequency-multiplied output
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performance. These tests demonstrate the capability of the MMS in
transforming external motions to the one-way and high-speed spin
(11 rps) of the rotor. The Supporting Video S2 is also provided to show
this motion modulation process.

2.3. Performance of the proposed M-TEHG

The M-TEHG is designed to work normally with its spin axis parallel
to the ground (i.e., # = 0°) to harness ambient low-frequency motions.
We first examine the performance of the M-TEHG as excited by external
swing with a constant amplitude of y = 20°. For the triboelectric unit,
the OC-voltage Voc fluctuates slightly around 60 V at various swing
frequencies due to the occasional rubbing of the FEP films with the
electrodes, whereas the SC-current Isc grows steadily from 0.5 pA to 1.6
pA as the swing frequency ascends from 1 to 4 Hz, as illustrated in
Fig. 5a, b. The steady growth of Isc is ascribed to the increased spin
speed of the rotor with the swing frequency, which drives the charges to
flow between the two electrodes with enhanced speeds via the external
circuit. For a given swing frequency of 4 Hz, the load voltage Vg ascends
but the load current I descends with an increase in the resistance, as
plotted in Fig. 5c. The optimal instantaneous power of Pg = 0.15 mW is
achieved with a load of 100 MQ, corresponding to a high power density
of 549 mW/kg. For the electromagnetic unit, the OC-voltage Vpc and

Triboelectric unit
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SC-current Ig rise from 0.2 V/2.6 mA to 1.2 V/14.1 mA in the spectral
region from 1 to 4 Hz, as depicted in Fig. 5d, e. The load voltage Vg and
load current Iy also exhibit opposite variation trends with an increase in
the resistance, as depicted in Fig. 5f. The maximum power (Pp =
4.7 mW) of the electromagnetic unit is acquired with a load of 60 Q,
indicating a low power density (405 mW/kg) as compared with that
(549 mW/kg) of the triboelectric unit. Except the swing frequency,
increasing the swing amplitude can also boost electric outputs of the two
units as more kinetic energy is input into the M-TEHG, as shown in
Fig. S11. Frequency responses of the output power of the two units under
various swing amplitudes are depicted in Fig. 5g, h. Although the
triboelectric unit has relatively low output power, its power density
distinctly outperforms that of the electromagnetic unit at various swing
frequencies, as shown in Fig. 5i. When working as a two-channel power
source, the watch-sized M-TEHG can provide high OC-voltage of 60 V
and optimal power of 0.15 mW from the triboelectric unit, and large SC-
current of 14 mA and optimal power of 4.7 mW from the electromag-
netic unit as excited at 4 Hz by the external swing with y = 20°.

In addition to swings, the M-TEHG can also convert low-frequency
vibrations into electricity, as illustrated in Fig. 6a. This test was also
conducted with the spin axis of the M-TEHG parallel to the ground. For a
constant vibration amplitude of 25 mm, Vp¢ of the triboelectric unit
maintains in the proximity of 64 V at various vibration frequencies as a
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result of the occasional rubbing of the FEP films with the electrodes, as
exhibited in Fig. 6b. With an increase in the vibration frequency from 2.5
to 5 Hz, Isc of the triboelectric unit goes up from 0.2 pA to 1.6 pA owing
to the ever increasing spin speed of the rotor with the frequency under a
constant vibration amplitude, as plotted in Fig. 6¢. Since the electric
outputs of the electromagnetic unit are positively related to the spin
speed of the rotor, its Voc and Isc rise from 0.3 V/3.6 mA to 1.5V/
17.6 mA as the vibration frequency varies from 2.5 to 5 Hz, as shown in
Fig. 6d, e. The vibration amplitude has a similar effect on the electric
outputs of the M-TEHG, i.e., apart from the voltage of the triboelectric
unit that keeps nearly unchanged, other outputs of the two units grow
gradually with the increasing amplitude from 5 mm to 25 mm, as shown
in Fig. S12. Power outputs of the triboelectric unit and electromagnetic
unit ascend with both the vibration amplitude and frequency. Under the
vibration amplitude of 25 mm, the triboelectric unit generates 0.18 mW
power and the electromagnetic unit outputs 8.6 mW at 5 Hz, as shown in
Fig. 6f, g. The power density of the two units versus the vibration fre-
quency is shown in Fig. 6h, which are obtained under a constant vi-
bration amplitude of 15 mm and highlight the superior performance of
the triboelectric unit in scavenging low-frequency (< 5 Hz) vibration
energy. This test reveals the excellent performance of the M-TEHG in
tapping low-frequency vibrations.
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Water waves are a kind of rich and renewable energy source, but its
utilization still faces high challenge due to the low-frequency and
irregular nature. The M-TEHG may be a potential technology for the
exploitation of water waves since it can transform low-frequency mo-
tions to one-way spin. To test this hypothesis, we put the M-TEHG in a
floating box with an inner length x =120 mm to receive the water
waves produced by a water pump, as schematically illustrated in Fig. 7a.
Owing to the intermittent rubbing between the FEP films and electrodes
caused by the irregular water waves, Voc of the triboelectric unit can
stabilize at around 60 V as the wave frequency rises from 0.7 to 1.0 Hz
(Fig. 7b). However, I5c of the triboelectric unit goes up steadily with the
rising wave frequency, which is enabled by the increased rotor speed
with the elevated wave frequency, as exhibited in Fig. 7c. Due to the
same cause, Voc and Igc of the electromagnetic unit also grow contin-
uously from 0.2 V/3.2 mA to 0.5 V/9.6 mA with increasing the wave
frequency from 0.7 to 1.0 Hz, as plotted in Fig. 7d, e. The output power
of the watch-sized M-TEHG ascends quickly with the wave frequency, as
shown in Fig. 7f, g. The power of the triboelectric unit reaches
0.023 mW at 1.0 Hz, corresponding to a relatively high power density of
84 mW/kg, which is higher than that (58 mW/kg) of the electromag-
netic unit at the same wave frequency, as plotted in Fig. 7h. From these
measurements, the application of the M-TEHG in harnessing water
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waves or blue energy (ocean waves) is highly possible.

2.4. Application demonstration of the M-TEHG

To explore the capability of the M-TEHG in harnessing ambient low-
frequency motions as a practical power source, it was first used to charge
a 3.3 pF capacitor with the energy captured from the swing motion with
an amplitude of 20° and frequency of 4 Hz through a power manage-
ment circuit, as shown in Fig. 8a. Consisting of two bridge rectifiers, the
power management circuit separately converts the alternating-current
(AC) outputs of the triboelectric unit and the electromagnetic unit to
direct-current (DC) outputs before charging the capacitor or being
connected in parallel as the M-TEHG output, as illustrated in Fig. S13.
With the high output current but low output voltage, the electromag-
netic unit can lift the voltage of the capacitor to the saturated level of
0.07 V in 0.7 s. The low saturated voltage but fast charging process of
the electromagnetic unit provides a platform, on which the voltage of
the capacitor can be increased more quickly by the triboelectric unit.
Working as a whole, the M-TEHG can generate electricity out of the low-
frequency swing to charge various capacitors and light up 120 LEDs, as
shown in Fig. 8b, ¢ and Supporting Video S3.

When attached to human arms, the watch-sized M-TEHG can convert
sufficient electric energy from the swings of human arms to sustainably
power a wearable electronic watch, as pictured in Fig. 8d and recorded
in Supporting Video S4. In this test, a fully discharged capacitor (100 pF)
is first charged to 1.26 V by the M-TEHG in 60 s and then connected to
the electronic watch. The slight fluctuation in the voltage of the
capacitor around 1.2V indicates that the M-TEHG can maintain the
normal work of the watch with the energy converted from the human
arm swing, as illustrated in Fig. 8e. When the M-TEHG is set in a small
floating box and triggered by the water waves produced by a water
pump at 0.9 Hz, the generator can charge a fully discharged capacitor
(100 pF) to 1.9 V in less than 10 min, and the stored electric energy can
drive a hygrometer to work for 5 s, as pictured in Fig. 8f and exhibited in

Ias
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Supporting Video S5. Under the same condition, the M-TEHG can also
light up 66 LEDs that form the word ‘TENG’, as displayed in Fig. S14 and
Supporting Video S6. These tests clearly demonstrate the superior
capability of the M-TEHG in tapping ambient low-frequency and irreg-
ular motions and its promising applications in self-sufficient electronic
devices.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107867.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107867.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107867.

3. Conclusions

In summary, this paper presents a fundamentally different mechan-
ical motion-controlled switch to transform various low-frequency and
irregular motions to one-way and high-speed spin. With the proposed
switch, a watch-sized M-TEHG was conceived and fabricated, which can
automatically switch between NC-mode and C-mode by taking advan-
tage of the irregularity of ambient motions to maintain high electrical
stability. A series of experimental tests have been carried out to reveal
the superior performance of the M-TEHG in harnessing low-frequency
swings, vibrations, and water waves. When the watch-sized M-TEHG
is excited by low-frequency (< 5 Hz) swings and vibrations, it can
generate milliwatt-level electric power. The output power of the M-
TEHG can reach approximately 0.7 mW when it is exposed to irregular
water waves of 1 Hz. By exploiting human limb swings and water waves,
the watched-sized M-TEHG can sustain the normal work of an electronic
watch, drive a hygrometer, and light up dozens of LEDs. Working on the
basis of triboelectric effect (interfacial effect), the output power of the
triboelectric unit in the watch-sized M-TEHG is comparatively low, but it
can be significantly improved by enlarging the rotor diameter or
employing multi-layered rotor structure to increase the interfacial area
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of the triboelectric unit. Given the frequency-multiplied output perfor-
mance, high mechanical durability, high electrical stability, and supe-
rior adaptability (to various motions), the M-TEHG proposed in this
study can serve as a practical power source for self-sufficient sensing
systems and wearable electronics by exploiting ambient low-frequency
and renewable mechanical energy.

4. Experimental section
4.1. Fabrication of the pendulum

The pendulum consists of a fan-shaped eccentric substrate and seven
tuned mass blocks. The eccentric substrate (central angle: 140°, thick-
ness: 5 mm) was made by 3D printing technology from non-transparent
UV Curable Resin. The seven cylindrical mass blocks were made of
copper, four of which have a size of ®6 mm x 5 mm and the other three
have a size of ®3 mm x 5 mm. The cantilevered plectrum includes a PET
layer and a copper layer. The PET layer has a size of 25 mm x 4 mm
x 0.1 mm and the copper layer has a size of 22 mm x 4 mm x 0.2 mm.

4.2. Fabrication of the rotor

The rotor is composed of a circular substrate, three pieces of fan-
shaped FEP films, and sixteen cuboidal magnets (Nd-Fe-B). The circu-
lar substrate was also prepared by 3D printing technology with jagged
inner wall, which is 10 mm in thickness and 66 mm in diameter. The
FEP films each has a central angle of 60°, inner radius of 10 mm, and
outer radius of 33 mm. The sixteen cuboidal magnets have the same
dimension of 8 mm x 3 mm x 1 mm.

4.3. Fabrication of the stator

For the electromagnetic unit, the stator includes sixteen sets of coils
that were made of varnished wire with a diameter of 0.14 mm. Con-
nected in series, all the coils have a resistance of 60 Q. For the tribo-
electric unit, the stator is comprised of two complementary copper
electrodes. Each of the two electrodes includes three fan-shaped copper
foils with an inner radius of 8.5 mm, outer radius of 33 mm, and central
angle of around 55°.

4.4. Assemblage of the M-TEHG

The pendulum, rotor, and electrode layer were coaxially mounted
using two ceramic bearings and a bronze shaft. Of the two bearings, one
has a small size (inner diameter: 5 mm, outer diameter: 11 mm, and
thickness: 4 mm) for assembling the pendulum, and the other has a large
size (inner diameter: 8 mm, outer diameter: 16 mm, and thickness:
5 mm) for connecting the rotor to the shaft. The shaft for supporting the
rotor has a diameter of 7.9 mm, leaving about 0.1 mm interstice be-
tween the shaft and the larger bearing to enable the motion of the rotor
along the spin axis. The stainless steel spiral spring with a width of
2.5 mm was mounted between the pendulum and the lid. All compo-
nents of the M-TEHG were packaged in a cylindrical housing made of
transparent UV Curable Resin. The assembled M-TEHG is 79 mm in
diameter and 25.5 mm in thickness.

4.5. Electrical measurement

The low-frequency swings and vibrations were respectively provided
by a customized swing arm and a crank-slider mechanism that were all
driven by a stepper motor (DE60HB102-1000, DVS Mechatronics,
China) with adjustable frequency and speed. The water waves were
produced by a water pump (SCP-180, 65 W). The voltage, current and
charge outputs of the M-TEHG in different tests were measured using an
electrometer (6514, Keithley, USA).
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