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SUMMARY

With the threatening of global warming and energy crises, searching for renewable
and green energy resources with reduced carbon emissions is one of the most urgent
challengs to the sustainable development of human civilization. In the past decades,
increasing research efforts have been committed to seek for clean and renewable energy
sources as well as to develop renewable energy technologies.

Mechani cal motion ubiquitously exists
life. In recent years, it becomeas attractive target for energy harvesting as a promising
supplement to traditional fuel sources and a potentially alternative power source te battery
operated electronics. Until recently, the mechanisms of mechanical energy harvesting are
limited to trarsductions based on piezoelectric effect, electromagnetic effect, electrostatic
effect and magnetostrictive effect. Widespread usage of these techniques is likely to be
shadowed by possible limitations, such as structure complexity, low power output,
fabrication of highquality materials, reliance on external power sosiraad little
adaptability on structural design for different applications. In 2012, triboelectric
nanogenerator (TENG), a creative invention for harvesting ambient mechanical energy
based onthe coupling betweertriboelectric effectand electrostatic effedhas been
launched as a new and renewable energy technology. The concept and design presented in
this thesis research can greatly promote the development of TENGtrasustainable
powersourcesand selfpowered active sensosnd it will greatly help to define the TENG
as a fundamentally new green energy technology, featured as being simple, reliable, cost

effective as well as high efficiency.

Xii



CHAPTER 1

INTRODUCTION

1.1 Mechanical energy harvesting

With the threatening of global warming and energy crises, searching for renewable
and green energy resources with reduced carbon emissions is one of the most urgent
challenge tathe sustainabledevelopment of human civilizatidi? In the past decades,
increasing research efforts have been committed to seek for clean and renewable energy
sources as wellsato develop renewable energy technolaglasthe meanwhile, the
tremendous development of portable electronics and sensor netwedessitate
sustainable and stable energy sources for them.

Mechanical motion ubiquitously exists in ambient environnaedp e o pl e ds dai
life. In recent years, it becomes an attractive target for energy harvesting as a promising
supplement to traditional fuel sourcasda potentially alternative power source to battery
operated electronics. Until recently, the mechanishmeechanicaknergy harvesting are
limited to transductions based oelectromagnetic effeé¢t® electrostatic effe¢t®
piezoelectric effect®®®

Based on the electromagnetic effeat, edlectromagnetic generats capable of
convertingmechanical energyto electricalpowerfor use in an external circuit usually
consists of a magnet on a polyimide sprifgis the awrrent technology for lgescale
mechanical energy harvestingowever, an obvioudisadvantagef this technologwas
that the output voltage was very low, due to the single current path through the magnetic

flux. Furthermore, it has a vergw power output when miniaturizeatd little adaptability



on structural design for various applicatiofbe device sticture of a typical example of
electromagnetic generataas shown in Figure 1.falt consistedf four magnets, which
were attachedto both the top and bottom surfaces of a cantilever beaasigned for
ambient vibration energy harvesting, its electricatputwas illustratedn Figure 1.1b.

And anoutput powenof 10.82m\ was delivered at a beam vibratiivaquency of 58.5 Hz.

a nares D

magnets

10.82uwe

Power (UW)

Copper
coil

| 5
Tecatron GF40 Tungsten 45 50 55 60

base Beam Zintec keeper ~ Mass Frequency (Hz)

Figure 1.1 (a) A sketch showing the structural desigh a typical electromagnetic
generator for ambient vibration energy harvest{byThe excitation frequency depended
power output of the micrelectromagnetic generator.

By utilizing theelectrostatic effe¢canelectrostatic generataevelos electrostatic
charges of oppositeggis rendered to two conductors. And the external mechanical motions
cancarry electric charge a high potential electrode, in this processing, it converts the
mechanical motions into electricityffehrsen Machine and the Van de Graaff generator are
popular tradtional electrostatic genera®rRecent efforts have beecommitied to
minimize the total size of thaevice in the field of electrostatieneratorin this regards,
separated by a passive spacing, @apinplane electrostatic generator based on electrets
materialswere develppedi As shownin Figure 1.2aa repulsive electrostatic foraeas
inducedby a patterned electrets materialhile a duaiphase electrode arramgent is
adoptedor reducingthe horizondl electrostatic damping force. As demonstrated in Figure

1.2b,a power output of 0.56W was delivered by the reported electrostatic generator

2
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Figure 1.2 (a) The schematic structural desigii an electrostatic generator. (b)
Dependence of theutput poweon the externdbading resistances.

While for the piezoelectric effect based generator, it harnéssesrain induced
piezoelectric polarization in certain crystals, such as ZnO and PZT, the potential created
by polarization charges can drive the flow of electrons across two electrodesqriahed
top and bottom surfaces of the crystalthis processing, the mechanical motion is thus
converted into the electricity in the external circuit

In summary, wdespread usage of these techniques is likely tohbdaved by
possible limitations. & both the &ectromagneticbasedand electrostatic generator, they
deliver bw power output when miniaturizednd they both havattle adaptability on
structural design for various applicationg/ith sophisticated structureand special
fabrication materis, they also suffer fromiggh manufacturing costAnd for dectrostatie
basedyenerator, it needxternal DC voltage to maintain the static chakyile regarding
the piezoelectric effect based generator, the power output greatly limited its pracail

applications as sustainable power sources

1.2 Triboelectric nanogenerators



In 2012 triboelectric nanogenerator (TENG), a creative invention for harvesting
ambient mechanical energy based on triboelectric effedthas been launcheas a new
and renewable energy technoloye first triboelectric nanogeneoatis demonstrated in

Figure 13.18

Figure 1.3 A schematic illustration of theevicestructureand working principle of the
first triboelectricgenerator.d) The structure ofhe triboelectric nanogeneraiorbending
and releasing process arekperimental setup foelectrical measuremenib) An
illustration of the working principle of the first triboelectric nanogener&tor

The firstreported triboelectric nanogenerator has a multilayer stru@ueeto the
coupling between itnoelectric effect and electrostatic induction, the periodic contact and
separation betweerPET and Kapton, triggered bwgxternal mechanical motion
alternatingly drivesheinduced electrons between electrodiesd a peak voltage of 3.3 V
acurrent of 06 mA with a peakpower density of 10.4 mW/chwas deliveredIn this

process, the mechanical energgfiectivelyconverted into electricity.



Since thelaunchingof the first triboelectric nanogenerator, it attracts growing
scientific attentions, and habeenproved to be a cosffective, simple and robust
techniquein the field of mechanical energy harvestititf® The pastthree years has
witnessedhe remarkable progress in theboelectric nanogenerattwasedsel-powered
devices and system%3! Currently, fourfundamental operation modesthetriboelectric
nanogeneratdrave been systematicathgvelopegwhichrespectivelyarevertical contact
separation mod&28 in-plane linearsliding mode3? 33 single electrodemodg®* *>and

freestandingriboelectriclayer mode®® asschematicallyshown in Figure 1.4

____________________

/| Vertical contact-separation Linear sliding mode l

mode

e

Freestanding triboelectric-layer
mode

e e e e e

Figure 1.4 The working mechanism of four modes of triboelectric nanogené¥ator.

In the following sections, we will elaborate each operation mode of the triboelectric

nanogeneratadn details as well as introducerresponding unique applications.



1.2.1The vertical contactseparation mode

The vertical contaeseparatiormode is the first invented operation mode for the
triboelectric nanogeneratoA physical contact between the two dielectric filmgh
different electron affinitycreates oppositely charged surfaces. Once the two surfaces are
separated by a gap, a potential drop is created between electrodes deposited on the top and
the bottom surfaces of two dielectric filnas shown in Figure 1a58 If the two electrodes
are electrically connected by a load, free electrons in one elecatrould flow to the other
electrode in order to balance the electrostatic fiedddemonstrated in Figure i.®nce
the gap is closed, the triboelectric charge created potential disappears, the electrons flow
back.In a word,the periodic contact and g@ation between two materials alternatingly

drives induced electrons between electrodes.
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Figure 15 Sketches that illustrate the working principle of a typical vertical contact
separation mode triboelectric nanogenera@rQpencircuit condition. ) Shortcircuit
condition.?®



1.2.2 The in-plane sliding mode
The structure to start witls the same as that for the vertical contsgtaration
mode.When two materials with opposite triboelectric polarities instancePTFE and
aluminum are brought into contact, surface charge transfer takes place due to the
triboelectric effect. Since HFE is much more triboelectrically negative than aluminum,

electrons are injected from aluminum into PTEE shown in Figure 138
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Figure 1.6 Triboelectricnan@enerator based on sliding electrificati¢a). Schematic of
the operation process of anplane sliding triboelectric nanogenerat() A cycle of

electricity generation process for illustrating the mechanism of thGIHectrical

measurement results of anptane sliding triboelectric nanogeneratas) Shortcircuit

current and enlarged view of a cyclé) highlighted in ¢). Insets: elative positions
between the two sliding surfaces that correspond to the current odpQpéncircuit

voltage. €) Rectified current by a fullvave diode bridge.f] Accumulative inductive
charges generated by the TERG



At aligned position, though triboelectric charges present on the surfaces, positive
ones on alumimm are fully compensated by the negative ones on PTFE, producing no
electric field in surrounding space if the electric field at the edge is ignored. Once a relative
displacement is introduced by an externally applied force in the direction parallel to the
surfaces, triboelectric charges are not compensated at the displaced/mismatched areas,
resulting in the creation of an effective dipole polarization parallel to the direction of the
displacement. Therefore, the uncompensated charges generate electtialghtierence
across the two electrodewhich will repulsively drive free electrons on the copper
electrode to the aluminum electrode, neutralizing the positive triboelectric charges and
leaving behind positive inductive charges. The flow of induatleetrons lasts until the
displacement reaches the maximuds the displacement is diminished by the
reciprocating force, the inductive electrons flow back to the copper electrode until the fully
aligned position is restored. Therefore, in the entire p@dternating current is produced

through the external load.

1.2.3 The singleelectrode mode
For both thevertical contacseparation mode and -plane sliding mode
triboelectric nanogeneratorhie moving objects need to be bonded with an electrode and
a |l ead wire. Such a device <configuratd.i
applicability for harvesting energy from an arbitrary moving object, because the object
has to be connected the entire system by an interconnect. With this regards, the single

electrode mode triboelectric nanogenerator was devefdpgetypical example of single



electrode TENGs is shwn in Figure 1.7In the original position, PTFE and aluminum fully

contact each other, whiatill result in that electronare injected fron aluminum to PTFE

PTFE dums Sliding outward
Y rararararars

e
-
—
Al R

NN
.

++++++ j

]

— S|iding Inwarc

Figure 1.7 Sketches that illustrate the working principle of a typical single electrode m
triboelectric nanogeneratét

since PTFE is much more triboelectricatiggative than aluminum. Once the negatively
charged PTFE slides apart, a decrease of the induced positive charges on the Al will occur,
and thus the electrons will flow from ground to aluminum till the two plates are entirely
separated. Then, when the FETBlides backward, the induced positive charges on the
aluminum increase, driving the electrons to flow from aluminum to the ground till the two
plates fully overlapped. This is a full cycle of electricity generation process of the-single

electrode mode itvoelectric nanogenerator.

1.2.4The freestanding triboelectriclayer mode
The freestanding triboelectrlayer mode triboelectric nanogenerator is also
capable of scavenging energy from the mechanical motion without an attached electrode.

If we make a pair of symmetric electrodes underneath a dielectric layer and the size of the



electrodes and the gap distance between the two are of the same order as the size of the
moving object, the objectds apmdesa@eatbanng t o
asymmetric charge distribution in the media, which causes the electrons to flow between

the two electrode® balance the local potential distribution.

s
@ FEP

® Al
@ Acrylic

Figure 1.8 Sketch that illustrates the structure design of a typical freestandioglédbric
layer mode triboelectric nanogeneradod its application in harvesting mechanical energy
from human walking®

The oscillation of the electrons between the pair electrodes produces electricity.
One typical structure of freestanding triboelectaiger mode triboelectric nagenerator
is shown in Figure 1.% Given the unique applicability resulting from distinctive
mechanism and device structure, the freestanding triboelsyac mode triboelectric
nanogenerator can be utilized to harvest energy from a walking hamanmoving

automobile

10



1.3 Objective of the research

Mechanical motions, in various forms, is ubiquitous in ambient environment with
wide-range of scale, from air flow, ocean wave to human activities such as walking,
running, even heartbeat, throat nabon and breathing, from operating household
appliances such as washing machines and refrigerators to bouncing automobile tires on a
gravel road. With this regards, the objective of this thesis research is mainly devoted to
developing and expanding themicability of triboelectric nanogenerators, which is
engaged in fundamental working mode development, functional materials synthesis as well
as applications directed device design for various mechanical energy harvesting. The
concept and design presented this dissertationresearch can greatly promote the

development of TENG as sustainable power sources anpdmetfed active sensars

11



CHAPTER 2

TENG AS SUSTAINABLE POWER SOURCES

2.1 TENG for vibration energy harvesting

Vibration, asatypeaf o mmon mechani cal motion, ubiq
daily life. In recent years, it becomes an attractive target for energy harvesting as a
potentially alternative power source to batteperated electronics. Until recently, the
mechanisms of vibratnal energy harvesting are limited to transductions based on
piezoelectric effect! electromagnetic effeételectrostatic effeét Widespread usage of
these techniques is likely to be shadowed by possible limitations, such as structure
complexity?’ fabrication of highquality material$® and reliance on external power
source’ Furthermore, all of thenechanisms require energy harvesting devices to operate
at or within a very narrow range around resonance frequency. However, the majority of the
ambient vibrations have a wide distribution of frequency spectrum, which may even drift
over time, making theonventional mechanisms unsuitable in most circumst&nstth
this regards, we introduced a new principle in harvesting vibration energy by fabricating

several triboelectric nanogenerators, as elaborated in the followithgnsec

2.1.1 Harmonic-resonator-based TENG
The harmoniaesonatotbased TENG has a multilayer structure with acrylic as

supporting substrates, as schematically shown in Figuad 2Atrylic was selected as the

12



structural material owing to its decent strength, light weight, good machinability and low

cost.A photograph of an afabricated TENG is shown in Figure B.1

a

. Aluminum PTFE . Copper Acrylic

Substrate Electrode Al nanopores and PTFE Device
preparation deposition nanowires self-assembly packaging

Figure 2.1 Harmonic Resonator Based Triboelectric NanogenerapiSKetch and k)
photograph of a typical harmonic resonator based TEB)&EM image of nanopores on
aluminum electrodedj SEM image of PTFE nanowire®) Process flow for fabricating
the HarmonidResonator Based TEN.

On the upper substrate, aluminum thin film with nanoporous surface plays dual
roles of an electrode and a contact stefé&scanning electron microscopy (SEM) image of
nanopores on the aluminum is presented in Figue 2llta ver age di amet er o
nanoporesnmrand7a pobehdewpth af dDs8ri buti or
p e mit. A layer of polytetrafluoroethylene (PTFE) film was adhered to the lower substrate
with deposited copper as another electrode. PTFE nanowires arrays were created on the
exposed PTFE surface by a #dpwn method through reactive ion etchfi@EM image

13



of the PTFE nanowires is displayed in the Figuredl2llh e aver age di amet e
nanowire8 n®sm WwWédth an av ®&mdghedetdiledfapitation o f 1.
process for the TENG is sketched in Figuree2.1

To i nvestigate the TENGOGS perfor mance
electrodynamic shaker (Labworks Inc.) that provides sinusoidal wave was employed as a
vibration source with tunable frequenagd amplitude. The lower substrate of the TENG
was anchored on the shaker, leaving the the upper padtéieding. At a fixed vibration
amplitude, the reliance of electric output on the input vibration frequency is presented in
Figure 2.2A and Figure 28 The electric output can be measured with broad input
frequency varying from 2 Hz to 200 Hz. Compared to stétthe-art vibration energy
harvesters that are based on nonlinear and topology vari4fitin has a considerably
wider workingbandwidth 13.4 Hz.

Experimentallypoth the operftircuit voltage Voc) and the shottiruit current (s
are maximized at the vibriation frequency of 14.5 Hz with maximvaines of 287.4 V
and 76.87A, respectively, indicating that 14.5 Hz is the remme frequency of the TENG.
Theoretically, for a single degred-freedom vibration system, the natural frequency is

given by
Q=— — (2.1)

where™Qis the natural frequency, is the mass of the upper substrate plus the aluminum
film, and k is the stiffness coefficient of each spring. For the TEMGjs 56.8 g, and
spring stiffness coefficient is 112/id. Submitting the valuesito equation 2.1, we can
obtain the natural frequen&of 14.1Hz, which is well consistent with the experimental
result.
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At the resonance frequency, tWe: is elaborated in Figure Z2It has auniform

guastsinusoidalsignaldue to the fact that thepper substrate of the TENG vibrates in a

harmonical manner. Theoreticallthe harmonigesonatoibased TENG can be regarded

as a damped system subjected to a harmonically varying fineeefore the maximum

Voc at the resonance frequency can be exa@ss

Vocrf =— O3—

2.2)

where, is the triboelectric charge density (0.0088Icn?), - is the vacuum permittivty

(8.85 p m F/m), —is the damping factor of the TENG system (0.34 by experimental

measurementpanda is the acceleration of the electrodynamic shaker (a typical value of

0/50(g is the gravitational acceleratin
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Figure 2.2Electrical measurement resultsaofiarmonic resonator based TEN&.Qpen

circuit voltage Voc) as a function of vibration frequency. The curve is the fitted regiilt. (
Shortcircuit current [s¢) as a function of vibration frequency. The curve is a fitted result.
(c) Opencircuit voltage Voc) at vibration frequency of 14.5 Hzd)(Shortcircuit current

(Is¢) at vibration frequency of 14.5 Hz. Inset: enlarged view if one cyeld¢pendence

of the voltage and current output on the external load resistance. The points repedsent pe
value of electric signals while the lines are the fitted resdltépendence of the peak
power output on the resistance of the external load, indicating maximum power output
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The theoretical result of th& at the resonance frequensycalculated to be 464.2
V, which is larger than the experimental result of 287.4TVe difference likelyresults
from the assumptions made in the analytical model anddeai fators in the experiment.
First, equation 2.2 is based on an assumption that the two contact surfaces are smooth.
However, surface modification by nanomaterials is employed in theasa, leading to
substantially enhanced contact area and thus higher triboelectric charge density. The value
of triboelectriccharge density submitted inta@uation 2.2 is obtained experimentally.
Therefore, it is very likely to result ianoverestimatn of the theoreticaloc. In addtion,
norrideal factors such as humidity and particle contaminations in the air, which are not
considered in the theoretical model, may potentially have negative impact on the actual
voltage outputAs shown in Figure 2 the output current at the resonance frequency has
an alternatingbehavior with asymmetrical amplitudés is found that the larger peaks
correspond to the process in which the two contadases move apart after collision;
while the smaller ones are generated as the two surfaces approach each other. Given the
same amount of charges transported back and forth, the fgsdgati®n is expected to
produce larger current peaks than the slaapgroach, leading to the asymmetry.

Resistors were utilized as external loads to further investigate the output power of
the TENG at the resonance frequency. As displayed in FiguegetBe2current amplitude
drops with increasing load resistance owimghte Ohmic loss, while the voltage follows a
reverse trend. As a result, the instantanenous peak pofes®) is maximized at a
|l oad resistance of 5 Mq, c af 726.5 pW/m @Figuneg t o

2.Z). To prove the capability of thharmonic resonator based TENG as a sustainable
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power source and an active vibration sensor, four sets of practical applications were

demonstrated.

Automotive
Engine

Vibration

Frequency / -

Electrodynamic
Shaker

Firm Table
’ TH
Slapping

Open-circuit Voltage (V)
&

Distance (m)

Figure 2.3 Demonstration of the harmonic resonator based TENG as a sustainable power
source andselfpowered active vibration sensor) (Photograph that shows TENG is
working on an electrodynamic shaker at the vibration frequency of 60 Hz, which is the
United States national power frequency. About 100 LEDs are being lighted up
simultaneously withouttrobe perceived by a naked ey®.Fhotograph that shows TENG

i s working on an automotive engine. When
simultaneously.d) Photograph that shows TENG works when a human hands slapping a
firm table. Due tdhe table vibration, about 20 LEDs are being lighted up simultaneously.
(d) TENG acts as active vibration sensor for distance measurement as well as ambient
vibration detection. When a human walks naturally approaching the TENG, which is fixed
on the floor the output signal is exponentially increaded.

First, as shown in Figure 2.3a, the TENG was excited by an electrodynamic shaker
at a vibraton frequency of 60 Hz, lighting up almost 100 LED bulbs simultaneously and
continuously without observable strobeflash. Secondly, shown in Figure 2.3b, the TENG

was mounted onto an automotive engine. It sucessfully harvests vibrational energy from
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the opeating engine and powers about 20 LED bulbs simultaneously. The third practical
application shows that the TENG, sitting on a table, generates electricity and drives small
electronics as impact from a nearby human palm initiates vibration of the tablee(Figu
2.3c). Lastly, as demonstrated in Figure 2.3d, the TENG can also act as an active vibration
sensor for detecting ambient vibration. Whehuman natually walks beside the TENG

that is placed on the floor, electric output can be succesfully obtainédtigimaximum
effective range of 5 m, the electric output amplitude is exponentially related to the distance
between the TENG and the footstep. These demonstrated applications prove that the TENG
is sensitive to small ambient vibrations, making it sué¢abb a wide range of
circumsntacnes foeither energyharvesting or sensing purposes, e.g. highways, bridges,

and tunnels.

2.1.2Three-dimensional TENG

Vibrations in our living environments are generally distributed over a wide
frequency spectrum and exhibit multiple motion directions over time, which renders most
of the current vibration energy harvesters unpractical for their purposes. With this regard,
a threedimensional triboelectric nanogenerator {8BENG) was developed, which can
works in a hybridization mode of conjunctiong the vertical contaeseparation mode and
the in-plane sliding modé The innovative design facilitates harvesting random vibration
energy in multiple directions over a wide bandwidilhe 3DTENG has a multilayer
structure with circular acrylic as supporting substrates, as schematically shown in Figure
2.4a. The cylindroid ae of the 3BTENG lies at the center of the acrylic substrate with a

bottom diameter of 3 cm.
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M iron  Acrylic  Copper i PTFE [l Aluminum

Figure 2.4 Threedimensional triboelectric nanogenerat@). $chematic of a 3MENG.
(b) SEM image of nanopores on aluminum electrodeA(photograph of théabricated
3D-TENG®

On the top of the core, an iron mass is mobile sugpendedy three identical
springs with an included angle of f2between each other. The designed structural
symmetry assures that the whole system has a constant resonant frequency at arbitrary in
plane direction. A layer of polytetrafluoroethylene (PTFE) film as one contact surface was
adhered onto the bottom sideaircular iron mass with deposited copper thin film as the
back electrode. Attached to the bottom acrylic substrate, aluminum thin film with
nanopoes modification plays dual roles as a contact electrode and the other contact surface.
The scanning electmo microscopy (SEM) imageof aluminum nanoporeare shown in
Figure2.3b. Figure2.3c is a photograph of the real 3TENG device.

To operate, an electrodynamic shaker is still used as an external vibration source
with controlled amplitude andcceleration. The supporting acrylic substrate of the 3D
TENG is anchored on the shaker table to investigate the relationship between the electrical

outputs and input frequency when it works in a vertical corggaration mode.
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Figure 25 Frequency rgmonses of the 3DENG. @) Frequency response of SLIENG
under out-of-plane excitation. -f) Frequency responses of JENG at in-plane
excitation angles of4%, 9¢, 135 and 186, respectively®

As shown in Figre 2.5a, both the voltage and current present a rapid increasing
with the increase of frequency from 10 to 36 Hz. The maximum values of the voltage and
current respectively reach 123 Vandl2A at t he frequency of 36
and current both gradually decrease to their minima as the frequency increases from 36 to
140 Hz. The larger separatiah36 Hzwould cause a larger contacting force when the two
objects impact together. Since the aluminum surface was patterned witlremyadarger
impact will largely increase the effective contact area between the two surfaces, and thus
the total electric output. In addition, if the half peak voltage point is adopted as the criteria
of the working bandwidti3D-TENG shows an extremelyide working bandwidth up to
75 Hz in a low vibration frequency range under theadytlane excitation.

When it comes to the iplane sliding mode, the electric outputs were measured

with the input excitation frequencies in a range from 10 to 55 Hizffereht in-plane
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excitation angles 4%, 9¢, 137, 18), as shown in Figres 2.5 b-f. The results proved
that the 3BTENG is capable of harvesting vibration energy fromddlithe inplane
directions. Considered the nateal experimental factorsysh as the variation of the
spring stiffness factors and the deviation of the fabricated structure symmetry,-the 3D
TENG has almost the same responses to the external vibrations at arbHpéagen
directiors. Furthermore, both the voltage and curreatraaximized at the frequency of 36
Hz at all excitation anglesAnd slightly nonlinear behavierare observed irall of the
output responses mainly owing to the Aimear topology structure of the spring vibration
system. In addition, the 3DENG also shas a considerably wide working bandwidth of
14.4 Hz in a low vibration frequency range under thplane excitation.

The practicability of harvesting energy from multiple directions with considerably
wide working bandwidth enable the 3IEENG havetremendous applications of building
up seltpowered systems by harvesting ambient vibration energy. To prove the capability
of the 3DTENG as a sustainable power source, three sets of practical applications were
demonstrated. First, as shown in Ui 2.6, the 3DTENG works on a national grid
transmission line which can effectively harvest wind or rain droplet induced line vibration
energy. Forty seriatonnected commercial LEDs were lighted up due to the line oscillating.
Figure 2.6b plots the output voltges of the 3ETENG under different line swing
amplitudes. It can be seen that the voltages present an obvious increasing tendency with
the increased swing amplitudes. This is because larger swing amplitude of the line will
contribute to a larger owgdf-plane separation of the two contact surface in th& BRG,

leading to higher output voltage.
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Figure 2.6 Demonstration of the 3DENG (marked in red circles) as a sustainable power
source and selbowered active sensors. (a) The photograph of line vtbragnergy
harvesting. Forty commercial LED bulbs were lighted up simultaneously. (b) The output
voltage of the 3BTENG under different line swing amplitudes. (c) The photograph of
human walking energy harvesting. Forty commercial LED bulbs were lighted up
simultaneously. (d) The output voltages at different walking speeds. (e) The photograph of

3D-TENG mounted on a still bicycle wheel. (f) Thirty commercial LED bulbs were lighted
up simultaneously under the rotation of the bicycle wfreel.

Secondly, shown ifigure 2.€, the 3ADTENG is mounted on a human trail leg to
harvest the vibration energy from human walking. This human motion induced vibration
can be used as an external excitation to th& BNG and40 serialconnected commercial
LEDs were lighted up. Fige 2.6d plots the output voltages under different walk speeds,
which indicates that a faster speed leads to a larger voltage output. A third practical
application is shown in Fige 2.6e. The 3BTENG was anchored on a bicycle wheel to
harvest the rotation energy. And 30 sedahnected commercial LEDs were lighted up
during the wheel rotating (Rige 2.6). This demonstration proves that the-BENG not

only can harvest wheel rotation energy bub aan be developed as spbiwered sensing
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system to monitor the tirpressure of automobiles, airplanes and other wiastd
vehicles.

In a word, theBD-TENG caneffectively harvest ambient vibration energy in-out
of-plane direction with extremely wideorking bandwidth up to 75 Hz and in arbitrary in
plane directions with prepotent bandwidth of 14.4 Hz in low vibration frequency range.
This superior capacity enable the JIENG have tremendous practical applications,
harvesting such as wind or rain drdpieduced vibration energy from the national grid
transmission lines, natural vibration energy from human walking, and rotation energy from
the wheelbased vehicles. In addition, a large range ofgelfered sensing systems can
be also developed owingtiee SBDT ENGO6s hi gh sensiti viThiyy t o
TENG design will find applications in powering portable electronics, environmental/

infrastructure monitoring, security and more.

2.1.3 A triple -cantilever basedTENG

Still, we demonstrate a rationally designed trpdtilever based TENG for
ambientvibration energy harvestirf§.The basic structure of the triptantilever based
TENG is shown in Figre2.7a, in which, three metal plates of beryllium copper alloys foils
are the three cantilevers. The bottom surface of the top cantilever and the top surface of the
bottom cantilever are coated with Polydimethylsioxanes (PDMS) filifike surfaces of
the middle cantilever are covered by ZnO nanowire arrays grown by chemical agfSroach,
on the top of which a layer of Cu was evaporated. A mass is also attached at its end for
effectiveness of vibration. Photos of a real device are showingure 2. andd. This

device has three unique characteristics. Firstly, the middle cantilever has two chances to
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contact the top and bottom cantilevers in each cycle of the vibration, doubling the vibration
energy conversion efficiency. Secondly, theMP®film can be easily deformed to increase

the effective contact area of TEN&

a
" ppms |} BCAF

’ Zn0O . Mass

Spin-coating

Electrode Nanowires Cu electrode
preparation growth deposition

Packaging

Figure 2.7 (a) Sketch andl), (d) photograph of a typicaltriple-cantilever based TENG,
with asizeequivalent ta quarter.€) SEM image of Cu film coated Zn@anowire arrays.
(e) Fabrication process of the TENG

Lastly, the nanowir@rrays based surface modification plays an important role for
the output power enhancement (g 2.€). The nanowire arrays can deeply insert into
the PDMS to increase the effective contact area and thus a substantially higher electric
output. As sketched in Rige 2.%&, the fabrication process is simple and straightforward,
without involving any complicattequipment or procedures.

The triplecantilever based TENG was tested by measuring its-opeut voltages

(Voc) and rectified shortircuit current [sc) in a range of frequencies from 2.5 Hz to 5.0
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Hz with the same amplitude. From Big 2.& andb, it is safe to conclude that the triple

cantilever based TENG is suitable to harvest thefleguency vibration energy such as

ocean waves, motor vibration, highway, bridge and tunnel vibration when vehicles passing

by. In addition, we also investigatecktreliance of the electric output power on the external

load under the vibration frequency of 3.7 Hz. As indicated imif€ig.8c, increasing the

resistance of the external load, the maximum current and voltage decreased and increased,

respectively. Corrggondingly, the instantaneous output power densliy=(Ul/S ) as a

function of the external resistance is shown in Fig. 4d. The peak power density of 252.3
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Figure 2.8 Thetriple-cantilever based TENG as a direct power sourp@veerelectronic
devices. § Opencircuit voltage Voc) and p) Rectified shorcircuit current (sc) of

vibration frequency from 2.5 Hz to 5.0 Hz, showing that 3.7 Hz is the resonant frequency

of the TENG. (¢, d) When the TENG a load with rectification, the dependence)dhé
output voltage, current, and)(instantaneous power density on the resistance of the load.
TENG simultaneously lights up 40 LEDs in real tinrg.Rhotographs of LEDs when there

is no vibration andf] lit up LEDs by avibrationat afrequencyof 3.7 Hz*®
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Indeed, norideal experimental factors, such as humidity and particle
contaminations in the air, may potentially have negative impact on the electric performance
and thus the longevity of the triptantilever based TENG. As a result, the device
packagings critical when the TENG is applied outdoor and even in circumstances with
harsh environment, which would greatly extend the life time of the device up to even
several years. The performance of the trgaatilever based TENG is affected by three
factors First, by growing ZnO nanowire arrays on the surface of the middle cantilever, the
output is dramatically enhanced. The peak value of the TENG without nanowires is only
about 42.6 % of the TENG with the nanowires. Secondly, the usage of beryllium copper
alloys foils with high elasticity as the vibration energy conversion medium is also very
critical to harvest vibration energy in ambient environment. Lastly, the resonance state of
the device maximizes the amplitude of vibration and thus enhances outper. e
triple-cantilever based TENG aims at powering electronic devices by harvesting small
scale vibration energy. A total of 40 commercial LED bulbs were assembled in series on a
piece of electric board (Fige 2.&), connected to the tripleantileverbased TENG. As
triggered by the shaker under a vibration frequency of 3.7 Hz, the TENG directly and
simultaneously lights up all these forty LED bulbs (F&2.8). Thetriple-cantilever based
triboelectric nanogenerator provides a new approach for heryekw-frequency

vibration energy, opening its applications for g@ivdered electronics and systems.

2.1.4 Three-Dimensional Stack Integrated TENG
The applications of a singlayer triboelectric nanogeneratfmr vibration energy

harvestingnay be challenged by its lower output current, and a possible solution is to use
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threedimensional (3D¥tackintegrated multilayered TENGs, but the most important point
is to synchronize the outputs of all the TENGs so that the instantaneous outputaower
be maximized? With this regargdwetake a further step to develapnulti-layered stacked
TENG as a coseffective, simple and robust approach for harvesting ambient vibration
energy.The 3DTENG has a multilayed structure with acrylic as supporting substrates,
as schematically shown Figure2.9a. Acrylic was selected as the structural matetisd

to its decent strength, light weight, good machinability and low cost. A photogfaph
asfabricated TENG is shown in Rige 2.9, in which, thetotal numbetrof the unit cells

can be expressexs:

Ntotal = 4n (2 3)

wheren is thenumber of pinned fingers of a TENG. Eigtkénticalsprings were employed

to bridge the moveable and pinned fingers.

a

TR
/OEmEmI!

. Acrylic -Spring

- IPTFE -Copper -Aluminum

Figure 2.9 Threedimensionalstacktriboelectric nanogenerataf@) Schematic of a 3D

TENG. (b) SEM image of nanopores on aluminum electrddg A photograph of the
fabricated 3BTENG
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All fingersweremade from acrylic sheets with a thicknes8 eshmandparallelto
each other with identical btuneablegap distancelhe thickness of acrylic sheets is large
enough to prevent the mutual charges influences among the unitelover, all the
unit cells are electrically connected in paralkeluminium thin films were deposited onto
bothsides of thepinnedfingers which playeddual rolef a contact electrode and a contact
surface A layer of polytetrafluoroethylene (PTFE) film was adhered tobtbih sides of
the movable fingersvith deposited copper as another electrode. PTFE nanowires arrays
were created on the exposed PTFE surface by-ddom method through reactive ion
etching SEM image of the PTFE nanowires is displayed iufFea@.&. Additionally, to
promote the triboelectrification and to increase the effective contact area between the two
contacing surfaces, PTFE nanowires are created as surface modificatibich gredly
increases the triboelectric chargasl thus the overall electrical output

Theoretically the shorcircuit currentof the 3BBDTENG can be expressed:as

ssd,v

eld+ 2y’
e

r

| (2.4)

sc ™
whered is the thickness of PTFE] is the relative permittivity of PTEB s the effective
contact areandv is the relative velocitat which they will contagtvhosemotiondirection
determins the flowing direction of the induced chargandthus the direction of the short
circuit current n is the number of pinned finger&Sis theeffective contact areand Dd
is thegapdistancebetweerthe twoadjacent fingers

To evaluate theT ENGO s p er f darvesing cvdratidnoenergy, an
electrodynamic shaker (Labworks Inc.) that provides sinusoidal wave was employed as an

external vibration source with tunable frequency and amplitasishown in Figre2.10g,
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the voltage output is almost constant 3@-TENG with n = 1 ~ 5,which isattributed to
the electrically parallel connéion amongall the units.However, the current outpig a
monotonically increasing function afthroughout our experimental time windofand the
current enhancement factdis a function oh, U= bn, themeasured resulttis very close
to the idealcoefficient of2. Such a highcoefficientb is mainly owing to the operating
synchronicity of all units, which convincingly demonstrate the effectiveness ofour
approach for currentoutput enhancement Likewise, a monotonically increasing

relationship was observed between the current output aredféotive contact areBS as

well as parametddd, as shown in Figre 2.1® andc.
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Figure 2.10A systematical study of the reliance of currelgctric output orthe design
parameters(a) Dependence oélectric outputon the number of pinned fingers (b)
Dependence dahe shortcircuit current on thgap distance between two adjacent pinned
fingersfor the TENG with n = 2. (c) Dependence of shecircuit current on effective
contact arealdS) of the TENG withn = 5. (d) The device natural frequepnas a function

of the number of pinned fingers*
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A larger Dd will contribute to a largerelative velocity of the two contact plajes
and thus renders us a higher output current, accordieguadion(2.4). In addition as a
vibration energyharvesterwe also investigate the reliance of the natural frequency on the
number of pinned fingera for the 3D stack TENG. As indicated in Figure 2.10 the
resonance frequenciésdecrease as increasingwhich is well consistent with a typical

vibration sysém that a larger mass will lead to a smaller systataralfrequency?®*°

Q
(o8

N
S

Isc (nA)
8

400 4

&
S

Power density (W/m°)

r T T T o o T oo
10’ 10* 10° 10° 10’ 10° 10’ 10 10° 10° 10 10°

Resistance (Q) Resistance (Q)

|
)

il e W s s = ¢
Ot v

|

Figure 2.11 Demonstration of the 3Btack TENG as a direct power sourcéA)
Dependence of the voltage and current output on the external load resistance for the TENG
with n=5.(B) Dependence of the peak power output on the resistance of the external load

for the TENG withn = 5, indicating maximum power outpagtR= 2 Mq. The cur v
fitted result.(C) Photograph of a white G16 globe light that is directly powered &y th
TENG (Input frequency 40 Hznset is gphotograptwhena white G16 globe lighis off.

(D) Photograph of 20 spot light®.6 W ea.)connected in seriethat arelighted up
simultaneously and continuously without observable stroboftgsithe TENG (Input
frequency40 Hz). Inset is gohotograptwhen the spot lights are dff

Resistors were utilized as external loads to further investigate the output power of
the 3D-TENG at its renance frequency. As displayed in g 2.11a, the current

amplitude drops with increasing load resistance owing to the Ohmic loss, while the voltage
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follows a reverse trendConsequentlythe instantanenous peak powBr=<(1%peaR) is
maximized at a load resistance 2Mq , coresponding toPgbmma peak
12pealR/DS) of 104.6Wm 2 (Figure 2.1b).

To prove the capability of the 3DENG as a sustainable power sourttegesets
of practical applications were demonstrated. First, as shown ime=2dl1c, the TENG
was excited by an electrodynamic shaker at a vibration frequentfyHd, lighting upa
white G16 globe light. Inset is photographwhen a white G16 globe lightis off.
Meanwhile, atotal of 20 spot lights (0.6 W eagonnected in seriewere lighted up
simultaneously and continuously without observable flaghnset is gohotographwhen

the spot lights are off(Figure 2.11l).

a

Plastic - Aluminum Acrylic

- Spring PTFE

Figure 2.12Demonstration of the 3WENG as itis equipped isidea ball, which has great
potential of scavenging the kinetic energy when people ldaketball football, baseball

and so onLarge amount of these sqdbwered balls can be alsmven into webs folocean

wave energy harvesting, whichn be potentially applied for largeale energy generation.

A sketch(a) andaphotograph(b) of a selfpowered ball(c) When shaking the ball, about

32 commercial LEDs are lighted up simultaneou@lyA photograptof 8 LEDs on a face

of the device that are directly powered by the TENG in complete darkness (We equipped
four faces of the devices with 8 LEDs on each fAte)
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In addition,with specific dimensionalesignwe integrateda 3D stackTENG into
a ball with a diameter of 3 inchesschematicallyshown in Figire 2.12and gphotograph
of theasfabricated devices in Fige 2.12. In order to directly demonstrate the equipped
ball as an energy harvestere installedfour faces of thenside TENGwith 8 LEDsas
indicatorson each faceAs shown in Figre 2.12, the generated power by hand shaking
simultaneously lighted up 32 commercial LED$d Figure 2.12 demonstratethat 8
LEDs on one of the four fas were lighted upin complete darknessChis practical
application greatly demonstrated thapability of our 3D stack TENG for harvesting
kinetic energy when people plasarious kinds of ball sport# is worth noting that, large
amount of these seffowered balls can also be wovato webs foroceanwave energy

harvesting, whicttan be potentially applied for largeale energy generation

2.15 Integrated rhombic gridding based TENG

To enhance theutputcurrent for the vibration energy harvesting, here, we also
demonstrated another rationally designed TENG with integrated rhombic gridding, which
can greatly improve the total current output owing to the structurally multiplied unit cells
connected in palial.>® The structure of integrated rhombic gridgibased TENG is shown
in Figure2.13y, in which, the total number of unit cells in one TENG can be expressed as:
0 cE (2.5)
wherenis thenumber ofunit cells along theedge lengthThe plastic sheets of polyethylene
terephthalate (PET) with a thickness of 600 ym are utilized. Each PET sheet is cut half
through and then lock into each other to form the framework of TENG. On one side of the

PET substrate, aluminium thin film with narmpus modification plays dual roles as a
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contact electrode and a contact surface. A scanning electron microscopy (SEM) image of
aluminium nanopores is shown in Figl#ddJ. A layer of PTFE film with nanowires
arrays was adhered onto the other side oPthE substrate with deposited copper thin film

as the back electrode. An SEM image of PTFE nanowires arrays is presented in Figure
2.13%. As demonstrated in Figugel3d, g, f, there ar@, 8, and 18 unit cells in the TENGs
(sketch and corresponding photagh of real devices) with= 1, 2, and 3, respectively.

- Aluminum
PET

PTFE

. Copper

D
S

Figure 2.13 Integratedhombicgridding based triboelectric nanogeneratay Sketch of

a typical TENG witm = 3. (0)) SEM image of nanopores on aluminum electrodeSEM
image of PTFEnanowires. @-f) Sketch and corresponding photograph of integrated
rhombicgridding based TENG with = 1, 2, 3, respectiveRf,

In order to enhance the total current output of the TEMNIGf the unit cells are
electrically connected in parallé&dnder the fixed triggering frequencies and amplitude, th
electric output measurement was performed on the integrated rhombic gridding based
TENG withn =1, 2, 3 (Figure.14). The effective contact area of TENG i¥ X 4.6 cm

x4.6 cm, which produces an opeircuit voltages Yoc) 445 V atn = 1 (Figure2.14a),
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439 V atn = 2 (Figure2.14) and 428 V ah = 3 (Figure2.14c). The voltage output is
almost constant for all the measurements, which is because that all of the rhombic unit cells
are electrically connected in parallel. As shown in the inset of F@u4e, a positive
voltage peak is generated due to the immediairge separation at the departure of
aluminum from PTFE. Since the electrons cannot flow back to screen the induced electric
potential difference between the two electrodes under the-@meit condition, the

voltage holds at a plateau until the nextteat emerge3->3
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Figure 2.14 Electrical measurement of thetegratedrhombic gridding based TENG
Opencircuit voltage Yoc) (a b, ¢) and shorcircuit current [sc) (d, e, f) of the TENG with

n=1, 2 and 3, respectively. Insets of &nd {) are enlarged view dfoc andlscin one
cycle for the TENG wittn = 3, respectively®

Meanwhile, the peak values of the shartuit current{sc) r each up to 2:
n=1 (Figure2.14) , 8 0 h= Z(Agura2t14e) and 1.395 mA at = 3 (Figure2.14f).
In addition, as shown in the inset of Fig@rd 4, the output current has an alternating
behavior with asymmetrical amplitudes, with the larger peaks correspond to the process in

which the two contact surfaces move towards each other, while the smaller ones are
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generated as the two surfaces move apdrich is attributed to &aster approaching is

expected to produce larger current peaks than the slower separation.
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Figure 2.15 Electrical measurement of tirdegratedhombicgridding based TENG@)

The current 6s |eigirtraasiogasadumdion bf awmbeuatft cells along
theedge lengtm. (b) Accumulative inductive charges generated by the TENG matii,

2 and 3, respectivelyc Dependence of the voltage and current output on the external load
resistance for the TENG with= 3. The lines are the fitted resultd) Dependence of the

peak power output on the resistance of the external load fGBN& withn=1, 2, and

3, indicating maximum power output obtaineiRat 2 Mq. The curve 1is
an enlarged view of peak power output with 1.5°

As indicated in Figur@.15,, the current enhancement fagtois a function othe
number ofunit cell along theedge length| wn®. The fitting result renders the
coefficient®a value of 1.66. Considering the nimteal experimental factors, such as
humidity, particle contaminations in the air, the imperfection from the device fabrication
process, and the difficulty of working symohization of all the device units, which may
potentially have negative impact on the actual output, the experimental result of
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enhancement factor is considerably approaching to the ideal valug, sé2ealing that
the integrated rhombic gridding structcan effectively dmance the total current output.

As illustrated in Figur@.15h the accumulative induced charges increaseswith
which reaches up to 142.68 pC within 2.75 s wher 3, further indicating that the
integrated rhombic gridding struceu can dramatically enhance the electric output of
TENG. Itis noteworthy that the accumulative induced chaagethe sum of all the baek
andf orth i nduced charges in the entire proceée
Consequently, it is a moratically increasing function of time throughout our
experimental time window.

Resistors were utilized as external loads to further investigate the output power of
the integratedhombic gridding basedENG withn = 3. As displayed in Figur2. 1%, the
current amplitude drops with increasing load resistance owing tohtiéc loss, while the
voltage follows a reverse trenfls demonstrated in Figu&15d, all of the instantaneous
peak power IfeaR) for n = 1, 2, and 3 are maximized at a load resistanc2 of Mq .
Moreover, the peak power dramatically increases with the increasevbfch reaches up
to 1.17 W an = 3, corresponding to the peak power density and volumetric energy density
of 30.7 W/nt and 1.54 x18 W/m3, respectively.

The integrated rhombic gridding based TENG demonstrated here has three unique
characteristics. First, by using the novel integrated rhombic gridding structure, the total
numbem of unit cells, which are electrically connected in parallel, theoretitalllyws a
rule of N = 2n?. This is the key factor of dramatically enhancing the total electric output.
Secondly, to promote the triboelectrification and to increase the effective contact area

between the two contact surfaces, aluminum nanopores and PTFkineanare
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simultaneouslycreated as surface modifications. The rational design, coupled with
nanomaterial modification, greatly increases the effective contact area and thus the
triboelectric charges. Lastly, the structural coupling of nanopores and mescan also

enhance the triboelectrification process for TENGs.

a

. Aluminum

Acrylic

PTFE

. Copper

PET

Figure 2.16Sketch(a) and photograptb) of a selfpowered backpack which is developed
based on thmtegratedhombicgridding based TENGc) Photograph of the backpack on

the shouldewith human standing still.df Photograph of the backpack under normal
human walking. Forty Commercial LED bulbs were lighted up simultanedUsly.

To prove the capability of thentegrated rhombic gridding based TENG as a
sustainable power source,backpack was developed to harvest vibratioergy from
natural human walking. As indicated in Figu2elGa, four acrylics plastics plates were
built into a supporting shelf with a size of 5 cm x7.5 cm x20 cm ,which bridged the
backpack and its two straps using four springs and two long screlssiide integrated
rhombic gridding based TENG with= 1 is sandwiched between twargd sheets and

the photograph of a real backpack is shown in Figutéb. A total of forty commercial
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LED bulbs were assembled in series on a piece of electric feigtate2.16c), electrically
connected to the newly designed backpack. When a people walks naturally carrying the
designed backpack with a total weight of 2.0 kilograms, the power harvested from the body
vibration is high enough to simultaneously lightalpthe 40 LEDs (Figur@.16d).

As an important figure of merit, westill investigated the vibratieto-electric
energy conversion efficiency of the spliwered backpack. The conversion efficiency
- is defined as the ratio of the electeicergy delivered to the vibration energy of the
backpack triggered by human walking. And the electric energy delivered by the TENG can
be expressed as,
0 O . '00YO6 YQ . 'OXO o i v (2.6
whereQ is the Joule heating energlyjs the instantaneous current, aRds the load
resistance, which is 2 Mq in the experi mer
vibration, its gravitational potential energlid) is manly converted into two parts, the
elastic potential energ¥éiasig and electric energy. The gravitational potential energy and
elastic energy can be estimated as following,
0O a0 QI QQOMipd ¢ wdov (2.7
(6] -J0¥o A ¢ @8 O (2.9
wheremi s t he tot al wexigthietdisp@mademdntokeach spaikigspha ¢ k, @
spring stiffness factaik = 586.86 N/m)andN is the number of spring®(= 4). Since the
elastic energy stored in the springs has no loss during the backpack vibration, thus the direct

energy conversion efficiency can be calculated as,
_ —— pTmTbPp@P (2.9

Such high energy conversion efficiency of the TENG enables tremendous potential
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applications for powering some small electronics by harvesting thdigitbenergy from
human motions.

In summary, we demonstrated a novel integrated rhombic gridding based TENG.
This innovative structure providesZunit cells electrically connected in parallel, which is
able to greatly enhance the current output as well as the vibtat&actric energy
conversion efficiencyBased on the TENG, a sqdbwered backpack was developed with
a considerably high vibratn-to-electric energy conversion efficiency of 10.6%. When a
people walks naturally carrying the designed backpack with a total weight of 2.0 kilograms,
the power harvested from the body vibration is high enough to simultaneously light up all
the 40 LEDsOur newly designed TENG provides an innovative approach to effectively
enhance the device current output and thus it is capable of harvesting vibration energy from
natural human walking, which can have a range of applications for extending the lifetime

of a battery as well as the possibility of replace battery for buildingpselered systems.

2.2 TENG for rotary energy harvesting
Searching for renewable energy sources as well as to develop renewable energy
technologiesare urgentfor the sustainable delgment of human civilizationRotation
as a type of common mechanical motion, is ubiquitous in daily life, from operating
household appliances, such as washing machineslanttic fan, to automobile tires
runningon a roadOver the past decadeshas alsobecome an attractive target for energy

harvesting as a potentially alternative power source for batfseyated electronics:>®
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2.2.1 Radiatarrayed in-plane TENG

Here, we firstly provide a solution by designing @vo-dimensional planar
structured triboelectrigenerato(TENG) on the basis of contact electrificatjomhich is
capable ofproducing energy from rotary surfaces with unprecedented performance.
Enabled by a design of two rad&irayed fine electrodes that are complementary on the
same plane, the planatructuredTENG generates periodically changing triboelectric
potential that induces alternating currents between electtddeS ENG has a multi
layered structure, which consists of mainly two parts, i.e., a rotator and a stator, as sketched

in Figure 2.17a

EF Copper Gold

, /7/////111\\\\\
9 /1]

L 4
EIectrodeA‘ '~ =i

Electrode B N

y |
=

> (Stator)

Figure 2.17 Structural design of the triboelectric generatay.Schematic illustrations of

the triboelectriggenerator, which has two parts, i.e., a rotator and a stator. Theadaom
illustrationsat the inner endbj and the outer ena)reveal that the two electrodes have
complementary patterns, which are separated by fine trenches in between. It isatoted th
these drawings do not sca(d) Photograph of a rotatgscale bar: 1 cm)e) Photograph

of a stator, in which the througioles along edges are for mounting purp@sale bar: 2
cm).>®
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The rotator is a collection of radialprrayed sectors separated by egieajreed
intervals in between. With each sector unit having a central angfe thie3rotator has a
total of 60 units. For the stator, it is divided into three components. A layer of fluorinated
ethylene propylene (FEP) as an electrification material, a layer of electrodes, and an
underlying substrate are laminated along the vertical direction. Theoeledayer is
composed of two complementapgtterned electrode networks that are disconnected by
fine trenches in betweefigure 2.1H and 2.1¢). Having the same pattern as that of the
rotator, each network is formed by a radial array of sectors thahatually connected at
one end. The electrode layer is fully imbedded and stationary. This rational design not only
leads to structural simplicity but also accounts for excellent robustness, makirigNize
practically reliable and durable. As exhibitedFigure 2.1d ande, both the rotator and
the stator have twdimensional planar structuresspectivelyresulting in a small volume
of theTENG.

The operation of th& ENG relies on relative rotation between the rotator and the
stator, in which a unigqaicoupling between triboelectrification and electrostatic induction
gives rise to alternating flows of electrons between electrodes. The eleeganrating
process is elaborated through a basic urfiignre2.18. We define the initial state (Rige
2.183) and the final state (Fige 2.1&) as the states when the rotator is aligned with
electrode A and electrode B, respectively. The intermediate statedAd ®) represents
the transitional process in which the rotator spins from the initial position to the final
position.Since the rotator and the stator are in direct contact, triboelectrification creates
charge transfer on contacting surfaces, with negativegebayenerated on the FEP and

positive ones on the metal, as illustrated in the esesfional view defined by an arbitrary
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intersection in Figure 2.18. Due to the law of charge conservation, the density of positive
charges on the rotator is twice as mashthat of negative ones on the stator because of

unequal contact surface area of the two objects.

a Initial State b Intermediate State Cc Final State

intersection

rotator
FEP

lectrode B

Flectrode A
Open-circuit “ Open-circuit " Open-circuit '
20 ++++++++| i |++++++++| |++++++++
gl - - - - - = = = dl--—---=--=1 (- = - - - -
I [ | |
Short-circuit Short-circuit Short-circuit
++++++++| |++++++++| |++++++++
I — off * T F[[- - - - |0
d * | T L) ” * ] ” 1
L« | L

current

Figure 2.18. Schematics of operating principle of thréoelectric generator(@) Initial
state in which the rotator is in alignment with electrodd l#e three sections from top to
bottom illustrate the thredimensional schematic, charge distribution in epeouit
condition, and charge distribution in shontcuit condition, respectivelybjintermediate
state in which the rotator is spinning awagnfi the initial position at an angle |of (c)
Final state in which the rotator is in alignment with electrode B. The rotator has rotated
away from the initial positiof®

In opencircuit condition, electrons cannot transfer between electrodes. The open
circuit voltage is then defined as the electric potential difference between the two
electrodes, i.el6c= Uh -Uk. The initial state corresponds to the maximum potential on
electrode A and the minimum potential on electrode B, which results in the max#aum
Such a voltage then diminishes as the rotator starts to spin. Once tbe passes the
middle positon, Vsc with the opposite polarity starts to build up until the rotator reaches
the final state. Further rotation beyond the final state inducdgdbh®change in a reversed

way because of thgeriodic structureBased on the assumption that the thickness of the
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dielectric layer is far smaller than the width dimension irufé@.18, an analytical model
can be established, in which any overlapped region between the rotator and the electrodes
can be treated asparalletplatecapacitor without consideration of edge eff@cthen the

V6c can be analytically expressed by the following equations using Gauss Theorem.

=)

Initial state:qry - .
;

(2.10)

Intermediate statgjy - R

> .
S — (» approacksneither O nor ) (2.11)

%

Final stateqy - e

(2.12)

whereM s the thickness of the FEP layétis the triboelectric charge density on top of the
FEP layert is the dielectric constant of vaccutn,is the relative dielectric constant of
FEP,» is the angle at which the rotator rotates away from the initial state, aisdthe
central ang? of a single rotator unit.

The equation (21) can only be used to illustrate the changing trend o¥sh& he
theoretical peako-peak value of thd4c needs to be calculated by subtracting equation

(2.12 from equationZ.10:

Wy
™ T (2.13)

By substituting the known parameters into equatbt3 (®= 25 ym, A= ~200
HCM2, £+ = 2.1),% the Vo (peakto-peak) is theoretically estimated to be ~1000 V.

If the two electrodes are corgted as shown by the bottom row in g 2.18 free
charges can redistribute between electrodes due to electrostatic induction. At the initial
state, induced charges accumulate on electrode A and electrode B with charge density of
Aandd, respectivelyAs the rotation starts, free electrons keep flowing from electrode A

to electrode B until the rotator reaches the final state where the charge density on both
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electrodes is reversed in polarity compared to the initial state. As a result, the amount of
chargesin this transport process can be expressed by the following equation
>

E —xaxz » (2.14)

where» and» are the outer radius and inner radius of TRENG, respectively. Again,
further rotation beyond the final state results in a current in the opposéetiah.

Therefore, alternating current is generated as a result of the periodically changing electric

field, which has a frequency calculated as
i -

whereo is the roation rate (r/sec).

(2.15)
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Figure 2.19Results of electric measuremer(&®. Opencircuit voltage Voc) at a rotation
rate of 500 rmir. (b) Shortcircuit current [s9 at a rotation rate of 500 rmin(c) Output
charge at a rotation rate of 500 rnilid) Load matching test at a rotationeaf 500 rmin
!, Maximum average output power is obtained at the matched load of¥4% M
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To controlthe rotation rate for quantitative measurement, a programmable rotary
motor was connected to the rotator that was waxdal alignment with the stator. At
rotating rate of 500 rmiky shortcircuit current (s has acontinuous ACoutputat an
averageamplitude of 0.5 mA (Figre 2.19). The constant frequency of 500 Hz is
consistent with the result calculated from equatd5). For openrcircuit voltage Vo),
it oscillatesat the same frequency as thatwfvith a peakto-peak value of 870 V (Fige
2.1%), which corresponds wetb the theoretical value obtained from equati@il®
though the slight deviation is likely attributed to the fact that the actual contact area is less
than the apparent device area because of surface roughness.-birshibrtondition, the
amount of electrons in a single electtoansport process reaches 0.32 gEy(re 2.19),
which corresponds to an effective DC currég= Q/qt) of 0.32 mA. It is noticed that the
duration of a current peak is determined by the ratio betweerettimlangle of a sector
and the rotation ratd=igure 2.19A. Once an external load is appli¢dde amplitude ofthe
output currentdrops as the load resistancancreasesas shown inFigure 2.19D The
averageoutput power is equivalent to the Joule heating of the load resistor, which can be
calculated asereciivé®-R, Wherelefecive is the effective current defined as the root mean
square value of the current amplitude, &id the load resistancAt thematched load of
4.9 MY, the aver age o0 uargtation rate of 808 rmih(Figusec h e s
2.19).

Rotation rates a major factor that determines electric output oTENG. A linear

relationship can be derived fraAgure 2.2@&between the amplitude &fand the rotation

rate since higher rate linearly shortens the duration of a current peak and thus boosts the

current amplitude. In comparison, the amplitudé/gfremains stable regardless of the
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rotation rate (Figre 2.2@) because is only dependentrothe position of the rotator, as
indicated in equation (21). It is found that the matched load is also a variable value,
exhibiting a reversely proportional relationship with the rotation rate, as diagramed in
Figure 2.20. Consequently, linearly risingutput power can be obtained at higher rotation

rate Figure 2.20).
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Figure 2.20 Factors that influence the electric output of thkoelectric generator(a)
Amplitude oflsc and peakto-peak value oWVqc with increasing rotation rateb) Matched

load resistance and average output power with increasing rotatiorcy@mplitude oflsc

and peako-peak value ol with increasing outer radius of theboelectric generator

(500 rmint). (d) Matched load resistance and average output power with increasing outer
radius of thetriboelectric generatof500 rmint). (€) Amplitude of Isc and peako-peak

value ofVoc with increasing central angle of a unit sector (500 rhiff) Matched load
resstance and average output power with increasing central angle of a unit sector (500
rmint).>
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Given the linear deavior of the TENG, it delivers an optimum average output
power of ~1.5 W at the matched | oad of ~0.
rmin’, which corresporsto an average output power densityl6fmwcn?. For the first
time, the output power from triboelectrificatidvased generators boosts to a level where it
is sufficiently powerful to drive daily used electronics, immediately resolving the most
critical concern for the concept of power generati@atriboelectrification.

Design parameters, especially the size and the unit central angle, can largely
influence the output power GFENG. Figure 2.20c shows an approximately quadratic
dependencef thelsc and independence of thg: on the radius of th€ ENG, which are
consistent with the results in equatio@2sl@® and @.14), respectively. With the matched
load decreasing with the radius, the average output power exhibits a roughly quadratic
relationship with the radius (Rige 2.2@). In other words te output power linearly scales
with the area of th@ ENG since the triboelectrification is a surface charging effect that is
areadependent. Compared to the device size, the unit central angle reversely affects the
output power. As revealed in kigg 2.2@, the Isc linearly drops as the central angle
increases, while th¥y still remains stable. Again, the measured results fit well with the
theoretical model. Consequently, the average output power decreases in almost a linear
way if devices with larger cdral angle are used. Therefore, fine feature size of the unit
sector plays a key role in achieving high output power.

To demonstrate the capability of tH&ENG as a power source, it was directly
connected to regular light bulbs without using a storage or power regulation unit. The
rotation rate was set at 1000 rniirA total of 20 spot lights were simultaneously lighted

up (Figure 2.2H), providing sufficient lilumination even for reading printed text in
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complete darkness (Rige 2.2b). Moreover, other types of light bulbs that could be driven
by the TENG included a white globe light (Fige 2.2T) and 10 multicolor decoration
candelabra lights (Fige 2.21). It is noticed that th ENG has high voltage but relatively

low current, resulting in large output impedance and thus affecting its applicability as a

power source.

Figure 2.21Demonstrations of thegiboelectric generataas apracticalpower source(a)
Photograph of 20 spot lights that are directly powered by the triboelectric generator in
complete darkness (rotation rate: 1000 riniscale bar: 5 cjnInset: demonstration setup
(scale bar: 5 cm}b) Photograph of printed text on a paper illuminlddy the 20 spot lights

in complete darkness with the triboelectric generator as a direct power source (rotation rate:
1000 rmint; scale bar: 3 cin The font size is 12 pointgc) Photograph of a G16 globe

light that is directly powered by the triboelaectgenerator in complete darkness (rotation
rate: 1000 rmirt; scale bar: 3 cjn(d) Photograph of 10 muktolor decoration candelabra
lights that are directly powered by the triboelectric generator in complete darkness (rotation
rate: 1000 rmir; scalebar: 3 cn).>°

Besides, fluctuation in output power and the AC output current are also concerns

in practical applications. These issues can be fully addressed by integraliigNiGavith
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a power management circuit to form a complete pesupplying system. Consisting af
transformer, a rectifier, a voltage regulator, and capacitors, the power management circuit
as diagramed ifrigure 2.22 can deliver a DC output at a constant voltage of 5 V in less
than 0.5 sec after thEENG starts to operatdgure 2.25»). The tran®rmer shown in

Figure 2.22is able to tremendously boost the output current at the expense of the output

voltage, which substantially reduces the output impedance GBNE.
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Figure 2.22 Demonstrations of the integrated povgepplying system fodriving and
charging electronicg@) Circuit diagram of the complete powsupplying system that
consists of a triboelectric generator and a power management ¢br@utput voltage of

the system reaches a constant value of 5 V in less than 0.5teedrésoelectric generator
starts to rotate at 3000 rmin(c) Photograph of 10 LEDs (0.75 mW ea.) in parallel that are
powered to full brightness by the powsrpplying system with ambient background
lighting (rotation rate: 3000 rmih scale bar: 3m). The dashed blue box indicates the
power management circuit. Inset: Photograph of the lighted LEDs in complete darkness.
(d) Photograph of an alarm triggered by a wireless emitter that relies on the- power
supplying systengscale bar: 3 cm)inset: Photgr aph of t he fApasxnico
the alarm(e) Photograph of a muHunction digital clock driven by the powsupplying
system(scale bar: 3 cm]f) Photograph of a cellphone that is being charged by the power

supplying systen(scale bar: 3 cm)As soon as the output voltage of the system reaches 5
V, the cellphone turns on automaticaify.
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The powersupplying system is suited to a variety of purposes. On one hand, it
could provide a continuous uniform DC power to drive various commercial electronics. As
demonstrated irFigure 2.22, 10 LED bulbs (0.75 mW ea.) connected parallel were
cortinuously powered with full brightness. Moreover, once the output voltage reaches 5V,
the powersupplying system could sustain wireless transitions for 5 tiffigsire 2.22l)
as well as continuous operation of a mtumction digital clock for 60 second§igure
2.22). On the other hand, the system is also able to serve as a charging source for batteries.
Since 5 V is the standard charging voltage for most of the commercial portable electronics,
a cellphone automatically turned on once the voltage oshmitto 5 V due to the operation
of theTENG, as visualized ifrigure 2.22.

In addition to being driven by an electric motor for quantitative measurement, the
TENG was further tested in normal environment where a series of ambient mechanical
energy was harvested. Firstly, energy harvesting from light air flow (wind) was
demonstrated (Figre 2.23a). Artificial breeze was generated at a speed of 6'roy an
air mower. The wind perpendicularly blew on a miniaturized thwvaee wind turbine (inset
in Figure 2.23). Driven by the turbine through a transmission shaft, the rotator of the
TENG spun smoothly, directly providing a power source for lighting up an arrayodf sp
lights. Such a wind speed falls into class 4 defined by Beaufort scale and is much lower
than the wind speed for normal operation of a large wind farm (=10, inslicating the
effectiveness of thEENG in addressing mild agitation from air floBecomlly, water flow
was successfully demonstrated as a target mechanical sourcee ERfD). The TENG
was connected to the central shaft of a miniaturized water turbine (bottom insair& Fig

2.23). Normal tap water at a flow rate of 5.5 Lmiwas directed into the turbine inlet
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through a plastic pipe (top inset in kg 2.23®), which served as a sufficient driving force

for theTENG. Consequently, output power for the spot lights was continuously produced.
Last but not least, thEENG could dso effectively operate if the input mechanical energy
originated from gentle body movement. As illustrated iruFegR.28, the compaesized

TENG in a hand had pieces of inertia mass fixed on the rotator. As the hand swung back
and forth in small amplide, asymmetric inertia resulting from the extra mass induced
relative rotation between the hahdld stator and the frestanding rotator. The spot lights

again served as an explicit indicator of the produced output power frohi: Mhe.

Air flow

AR | Tsvinging

hand

Wind turbine

- 6
TEG g Water flow d 5
%jp{ K B
D" A L™
] " — ) o
g/ ‘ S 34
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% 5 2] — Wind
L =3 1 ]
=1 — Water
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3 6 9 12 15

Time (s)
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Figure 2.23Demastrations of theriboelectric generatdior harvesting ambient energy.
() Harvesting energy from light wind at a flow speed of 61y the triboelectric
generatofor powering an array of spot lighfscale bar: 3 cm)nset: a wind turbine that
transmits torque to thteiboelectric generatqscale bar: 5 cm)b) Harvesting energy from
water flow at a flow rate of 5.5 Lnihby thetriboelectric generatdior powering an array

of spot lights(scale bar: 5 cm)insets tap water is directed into a water turbine through a
water pipe (topscale bar: 2 cin upward view of the water turbine (bottpstale bar: 7
cm). (c) Harvesting energy from body motion by tindoelectric generatathat is being
gentle swung with a mal for powering an array of spot lighiscale bar: 5 cm)inset: the
handheld triboelectric generatowith two pieces of inertia mass attached to the rotator
(scale bar: 5 cm)d) Output voltage of the poweupplying system when thieboelectric
geneatoris driven by the above three types of ambient mechanical effergy.
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Furthermore, with input mechanical energy fed from the above ambient motions,
the power management circuit was still functional and showed a linearly increasing output
voltage as it was being charged up by TENG (Figure 2.28). Therefore, these
demonstations firmly prove that th&@ ENG can fully operate in normal environment by
utilizing ambient mechanical energy from a variety of sources, indicating its widespread
applications in harvesting human motions and even natural energy.

The efficiency of theTENG is defined as the ratio of the input mechanical power
from the motor to the electric power that is delivered to the load. When drivifig:thé
at a rotation rate 3000 rmin, the motor exhibits a load factor of approximately 20 %,
corresponding tan actual torque of 0.02 Ndelivered to th& ENG. Then we can derive
the power input from the motor to be 6.28 W by using the above values. Given the electric
output power of 1.5 W at the same rotation rate, the efficimcglculated to be ~24%.

The eliability of theTENG, especially the resistance against mechanical weatr, is important

in evaluating its performance. Here, adhesive wear that occurs when two nominally flat
solid bodies are in sliding contact applies to TeNG. Therefore, the adhesimf the
deposited metal on the rotator largely determines the wear resistance. Special treatment
was taken in fabricating tHEENG, including adding an adhesion layer and surface plasma
treatment before metal depositinAs a result, th@ ENG showsexcellent stability and
durability. After continuously producing more than 10 million cycles of alternating current,
the output current does not even exhibit any measurable decay or degradation, which firmly
proves the reliability of th€ ENG as afeasibleapproachor practicalapplications

Compared to other existing technologies for power generatioNnBN& is distinct

in basic mechanisrfrom fundamental poinaf view. The usual electric generator mostly
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relies onelectromagnetiéinduction, an effect from the coupling between bol&gnetic
materials and conductors. In comparison, our generator depends on triboelectrification, a
universally applicable charging effect that is confined only at contact surfaces. Such a
distinction in fundamental mechanism differentiates our generator frontréaktional
generator ira number omajor aspectdn generaltheTENGis a complementary approach

in parallel tothetraditionalelectric generator. Its uniqguenesswell agealadvantagess
elaboratedelow.

From structure point of viewhé usual generator has a bulky structure since the
output poweheavily depends on such factors as the number of coil turns, the diameter of
metal coils, the coil geometrgind thesize as well as weight oiagnetsTheshrinkage in
size results in substantial deterioration in output power due to insufficient electromagnetic
coupling and other parasitic effecthereforethe usual generatmormally ha relatively
large sizeand weight for producing decent output poweFor example, our test ca
commercial minisized generatoof 8.2 cn? in volume and 29 gn weight showedan
optimum output power of 0.13 W when rotating at 1800 rimilm comparison, our
generator relies on triboelectrification, afage charging effect. The simple statotar
structurehas a twedimensional planar configuration. In addition to using lsdrelets as
substrats, we canfurtherextend the substrate materialgtastic thinrfilm materialsthat
are flexible such as pomide by usingphotolithography and laser patterning techniques
(Figure 2.24. Havingthe sameadiusand radial periodicity as the device in tiig 2.17
the thinfilm TENG gavethe saméevel of output shown in Figre 2.18 It is only 75um
in total tickness, 0.6 crin volume, andL.1 g in weight, similar to the weight offaw

goosefeathes.
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Figure 2.24. A thin-film based triboelectric generator fabricated on flexible polyamide
substrate(a) and(b) are stator and rotatofle scale bars agm), respectively?

From performance point of view, ti&ENG hassubstantiallyhigher power density
than thetraditionalgenerator in terms of both powtervolume ratio and powen-weight
ratio due to much smaller volume and weigFke high power density imparts two major
advantages to practical applicationsl®@ TENG. Firstly, it is superior to theonventonal
generator as a smalzed power source for sgidbwered electronics, e.g. harvesting
human motions for powering or charging portable/wearable gadgets. In these applications,
size and weight management become critical issues. Secondly, the sigrpheeart
density makes th& ENG potentially advantgeous in largescale power generation for
stationary power plants, although the feasibility needs to be solidly validated with further
investigations.

From cost point of view, th€ENG based on surface clging effectonly needs
very small amount of material$heyare conventioal thin-film insulating materials and
metalsof various kinds that are abundantly availaBlesides, it has a simple structure and

straightforward fabrication process. As a conseqaethe TENG is extremely cost
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effectiveg which is an unparalleled advantage compared to any other power generation
techniquesThe significant low cost othe TENG is a key advantage for its potential
widespread applications.

Last but not leasthe unique 2Dplanar generator owns distinctive applicability in
a variety of circumstance3he usual generator has difficulty being made into a planar
structure due toeasons such as poor properties of planar magnets, limited number of turns
achievable with plaar coils, and restricted amplitude of displacementomparison, the
TENG offers astraightforwad and even sole solution @ddressingrotation sliding
between two surfaces. For example, it can be possitdgrated into a brake system in
automotive ad other applications where a brake rotor and brake pads have retetiaet
rotation. Moreover due to the simple rotatstator structure, our generator provides a
much easier anchoreconvenient wayo addres€ommon rotating motions. For example,
with very little modification, theTENG can take advantage of rotating shafts that are
commonly found in transmission systeras clearly demonstrated in big 2.23 Besides
enabled by broad choices of materialse TENG with particular properties can meet
special needs. For instance, it can be fabricated from organic biocompatible materials for
health care and other brelated applications. Finally, is the unique solution when
installation space is constrainekherefore, our generator enablesque applicationgn
many circumstances where the usual generator cannot be implemented, although both of
them utilize rotation for power generation.

In summary, we developed a new type of plastauctured electricibgeneration
method TENG) that to convertotarymechanicaknergy usingdriboelectrificationeffect,

a universal phenomenon upon contact between two materials. Based on thetstttor
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structure that has arrays of mieszed radial sectors, thEENG produced significantly

high output power for sufficiently powering as well as chargiogventional consumer
electronics. It could effectively harvest a variety of ambient energy from motions such as
air flow, water flow, and even body motion. Furthermohe, tcombination of th&d ENG

and a power management circuit demonstrated the immediate practicability of E5iGg

for everydaypower needsGiven its exceptional power density, extremely low cost, and
unique applicability, th@ ENG presented in this worlsia practical approach in converting
mechanical motions for seffowered electronics as well as possibly for producing

electricityona large scale.

2.2.2Automatic mode transition enabled robustTENG

Although the TENG has been praveéo be a renewable areffective route for
ambient energy harvestingts robustness remains a great challenge owning to the
requirement of surfadeiction for a decent outpugspeciallyfor the inplane sliding mode
TENG 32 33.59. 635 Here, we present a ratiorigl desigred TENG for achieving a high
output performance without compromising the device robustness through firstly converting
the inplane sliding electrification into cordbseparation working mode, and secondly an
automatic transition between a contact working state and &awiact working staté
The magnets assistedutomatietransition triboelectric nanogenerator (AENG) was
developedo effectively harness various ambient rotational motions to generatecigct
with greatly improved device robustness.

The device structure of thET-TENG is schematically illustrated indtire2.25,,

which mainly consists otwo parts,a functional unit androtator. Thefunctional unithas
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a multilayer structure witlacrylic as supporting substratéscrylic was selected as the
structural material owing to its decent strength, light weight, good machinability and low
cost.

a

[ JAluminum @ PTFE [l Copper [Magnet [ |Bearing

Figur8t2u2bural -ItENGgwi Dh & me HE&dhmeematt.i c
ofhet tri boel ectbh) SEMinmagenfothg mamoparea dnaluminur electrode.
The scale bar is 150 nnt) SEM image of the PTFE nanowires. The scale bar is 506 nm.

The twotriboelectriclayers ardaminatedwith a full contact at their initial states.
One end of them is secured by a piece of rubber while the other end stay®woka.
uppertriboelectric layeraluminum thin film with nanoporous surface plays dual roles of
an electrode and a contact suga&canning electron microscopy (SEM) imagehsf
nanopores on the aluminum is presented in Figi2&. On the lower triboelectric layer,
polytetrafluoroethylene (PTFE) filmvith deposited copper &ésckelectrodevas acting as
anothercontactsurface and it was anchored onto the substratesogA\down method
through reactive ion etchingas employed to crealTFE nanowires arrays thePTFE
surface! An SEM image of the PTFE nanows is displayed in Figure 2.23ere, a pair

of magnets was respectivedgherednto the top triboelectric layer and the rotator plane
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with a same pole facing each others worth noting that, the functional unit of ATENG

for electricity generatiowas fully enclosed, and its operation relies on the external rotator
with a magnet. This novel structure design readearapable of performing adequately in
harsh environmental conditions.

The fundamental working prindg of the AT-TENG is based ora twoway
couplingof contact electrification and electrostatic inducfféf? As presentedn Figure
2.26, both twodimensional potential distribution by COMSOQup) and schematic
illustrations of charge distribution (down) were employed to elucidate the working
principle of theAT-TENG, in which two working states were respectivelgpiced:
contact working statéFigure 226a-c) and norcontactfreestanding woking statgFigure
2.264-f).

Regarding the contact working statiee aluminum isinitially aligned and in full
contact with PTFE (Figure.26a). According to the triboelectric series, PTFE is much
more triboelectrically negative than aluminuatectronsare injected from aluminum into
PTFE, generating positive triboelectric charges on the aluminum and negative ones on the
PTFE. When thexternalrotation brings the paired magnets to meet, the repulsion force
will push the two triboelectric layers apafhe thus inducedlectric potential difference
drives the electronso flow from copper to aluminun{Figure 226b), screening the
triboelectric charges and leaving behind the inductive chaides flowing of electrons
will be continueduntil the maximunseparationdistance waseachegand all the electrons
aretransferredrom cooper to aluminum (FigureZtc). The increaseseparatiordistance
between the layers leads the weakemegjnetic repulsie force, thus,the restoring force

of the elastic and thgravity of the top triboelectric layer will pull it downwards and back
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to contact with the lower triboelectric layer. This is a full cycle of the operfidrdhe AT-

TENG in thecontact working state

+++++++ +

d! e! f

[JAluminum [ JPTFE [l Copper

Figure 2.26 Schematics of the operating principle of thee AENG. Both two-dimensional
potential distribution by COMSO[up) and schematic illustrations of charge distribution
(down) were employed to elucidate the working principle of the TENG. And two states
were repectively elucidated: ¢a) ContactSeparation working state andfjdNon-contact
free-standing working state. (a) Initial state in which the PTFE is negatively charged after
contact with aluminum. (b) Magnetic repulsion force separates the PTFE ariduatum
Electric potential difference drives the electrons from copper to aluminum, screening the
triboelectric charges and leaving behind the inductive charges. (c) With continuously
increasing the separation, all the positive triboelectric charges gnadndlalmost entirely
screened. When the magnetic repulsion force disappears, the top aluminum plate will be
dragged back to contact again with the PTFE. While at a high rotation speed, another cycle
of magnetic repulsion force will appear before the atumri plate fully contact back with

the PTFE. Under such a circumstance, theT&ANG works in a Fre&tanding state and

the top aluminum will vibrate in a small range of separation distances with a high frequency.
(d) At the minimum separation distance) A transition statemove upwardgo the
maximumseparation statef)(The top aluminunis raised up to the maximum separation
distance?®
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With further increasing the rotation speed, the-PHNG can transit toa non
contact freestandingvorking mode. At a higher rotation rattemagnetiaepulsveforce
has a shorter exertion time, whigimoducesa much smaller momentum to the upper
triboelectric layer Therefore the upper triboelectric layer will be pulled downwards
slightly with consideringthe joining effect of centrifugalforce andgravitation In the
meanwhile, withconsideing the fastotationspeedthe uppertriboelectric layer willsoon
bemagnetically repulsivagain before it falls back to contact with the bottom triboelectric
layer. As a consequendbe upper triboelectric layewill vibratearound its equilibrium
position at the frequency of the rotation, which will change the capacitance of the structure,
resulting in aralternating currenécross the electrodes. As shown in Figugs® when
the upper triboelectric layer falls thelowest point at theninimum separation distane¢
a certain rotation rate, tieectrons floung from aluminumto copperwill not fully screen
the triboelectric charges the copper electrode. When tiepulsiveforce pushes the upper
triboelectric lger to move upwards, the electrons will keep flowing from the copper to the
aluminum (Figure 26e), until it reaches at the highest poiobyrespondingo a maximum
separation distance between the two (Figu2éfp

To systematicallyinvestigate the p&rmance of theAT-TENG as a new
methodologyin harvestingambient mechanical energdT-TENGswith one segment and
two segmerg were studied respectivelfrigure 2.23a and 2.2 respectively show the
dependence of the opeircuit voltageand shorcircuit currenton the rotation rate of the
onesegment TENGAL a rotation rate lower than 240 rpm, the @egment ATTENG is
in a contacseparationworking state, and the ope@ircuit voltageis up to 530 V. The

shortcircuit current follows the same tremadd constant around 0.26 mA.
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Figure 2.27 Electrical output characterization of the AENGs. For a systematic
investigation, two type of ATTENGs: onesegment and tweegment were respectively
studied. Dependence of the (a) ojmércuit voltage and (b) shedircuit current on the
rotation rate of the onsegment ATTENG. Dependence of the (c) epcircuit voltage
and (d) shortircuit current on the rotation rate of the taegment ATTENG.
Dependence of the average chatgansfer raten the rotatiomatefor the (e) one segment
AT-TENG and (f) twesegment ATTENG %6



where- i s the vacuum permittivity amdthéd i s
maximum separation of two triboelectric layers in aPENG, which isdesignable and
confined by théneight of the device external packaging. Given a fabricated BNG, d
could be dixed value which determines the device output. At lower rotation rate, the AT
TENG works at the contaseparatioomodeand the upper triboelectric layer can obtain a
largg momentumto move upwards. Thus, the separation distance between the two
triboelectric layers is confined and equatesl &t lower rotation rateyhich explaineda
constant electric output at this stage.

With further increasing the rotation rate beydhd critical point, the AFTENG
will be automatically converted from the contact working state into acoatact free
standing working state. Feach AFTENG, thecritical rotational spee designable and

can be estimated as

1 (2.17)
whereF is themagneticakrepulsion forceM is the total weighof the upper triboelectric
layer, gis the gravitational acceleratio¥—is field angleof the magnebn the rotator plane
which was determined by tmeagnet dimension. Based on the above analytical mode, it is
safe to conclude that the critical rotational speed is highly correlated to a variety of
parameters, including the weight of thepersubstrate, the dimension and magnetism of
the paired magnetthe heightd of external package and so on.

As shown in Figure 2.27a atg experimentally, theritical rotationrate of the as
fabricated AFTTENG with onesegment is measured to be 240 rpm. Beyond it, the AT

TENG operates in a necontact working stat@ a wide range up to 1800 rpm. In this stage,
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both the voltage and current amplitudes show a decreasing function of the rotation rate
Here, heoretically the open circuit voltage of the ATENG can be calculated as

) -y y
o — (2.18

According to egation(2.18) in the non-contact working statghe output voltage
is also related to variouparameterssuch asthe weight of the upper substrate, the
dimension and magnetism of the paired magaetsso onParticularly, itis alsoreversely
proportional to the square of rotaticste,which is well consistent with the experimental
observation

For a systematical study of the presemedhodologythedependence of the open
circuit voltage and shodircuit currentof the twesegment ATTENG on the rotation rate
were also investigated. As shown in Fig@ra7c andl, respectively, below théareshold
rotation rate of 300 rpm, the twsegment ATTENG was in a contacteparation working
state. In this stageinsilar to the onesegment case, the voltage and current are respectively
constant at 246 V and 0.12 mA. With further increasing the rotation rate beyond 300 rpm,
the AT-TENG with twosegment is working in a neczontact freestanding mode, and the
peak amptudes of the electrical output were decreasing with increase of the rotation rate,
which shares a same trend of that with the-segment ATTENG. This is mainly
attributedto the reduced separation distance between the two triboelectricdarezAT-
TENGsat higher rotation rage

Here it is worth noting thatfor both onesegment and tweegment ATTENGS,
the reduced electric output amplitudes do not mean a reduction of the capability of the
device for energharvesing at higher rotation rates.rbily, the peak densitgf the device

electric outputs dramatically increased witheincreasing of the rotatiomates. This leads
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to an increasing amount of the transferred triboelectric charges across the electrodes. The
dependence of theverage chage transfer rat@ac) on the rotation rate for the two types
AT-TENGs are rgpectively presented in Figure 2.27e &nHere,lac is definedas the
total transferred chargesrosgheelectrods per unit operation time. As shown, at higher
rotation rates beyond critical point, the devices are working at &omact state, they
maintained a higher chargeansferrate than that in the contact working state. As a
consequence, the capability betAT-TENG for energy harvesting is actually enhanced at
higherrotationrates Furthermorethe agependence of the accumulative transferred charges
(Cat) On the rotation rate fothe two types ofAT-TENG were also measured and
respectively plotted in Figer 2.28a andb. Likewise, much highelCar values were
maintained for the AITENG in the norcontact working state, and especially at the
rotation rates around the critical pointioithe shortange aboveit.

Resistors were utilized as external load tdaHer investigate the output power of
the AT-TENG around the critical rotationrate As displayed in Figure2.2&, the
instantaneous peak power is maximized at a load resistaddé! qf , correspondin
peak power density df W/m?. The superiorobustnesss alsoan advantageouteature of
the reportedAT-TENG. As shown in Figure2.28, there is no observable output
degradation after 300,0@0y c | e s 6 aperatidns whendhe ATENG is in the non
contact freestanding working stat@and a nmor fluctuation ofless thar6% was observed
for the contacseparation working mode. However, an obvious degradation up to 26% of
the electric output for the iplane sliding mode was observéd a consequence, on one
hand, by converting the Hplane siding electrification into the contaseparation mode,

the device robustness of the AENG was greatly improved. On the other hand, as long
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as the ATTENG works at the critical point or in the shoaing above critical point with

an occasional transitidnto contact state for charge replenishment, theTANGs could

pave itself a way of keeping both high electric output and superior device robustness.
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Figure 2.28Accumulative transferred charges d@hddelivered power of the ATENGS.

Dependence ahe accumulative transferred charges across the electrodes on the rotation

rate for the (a) one segment AENG and (b) twesegment ATTENG. (c) Dependence
of the peak power output on the external load resistances for treegment TENG at a
rotation ragé around 240 rpm, indicating maximum power output at RW1{d) Working

statedepended device robustness investigaifon.

To proveit as a robust and sustainatldeergy technologythe AT-TENG was

demonstrated to efficiently harness various ambient mechanical motions fetinheng

continuous operains. Here, the first step was taken to develop theT&NG into a wind

energy harvester by equippirigvith a wind cup.
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Figure 2.29Demonstration of the ATTENG for harvesting energy froembientwind and
water flow. (a) Photograph of the aevelopd AT-TENG-based wind energy harvester.
(b) A device in the ambient environment. (c) Harvesting energy from light wind at a flow
speed of 6.5 m/s by the ATENG and an array of 24 spot lights were lighted up
simultaneously. (d) Harvesting energy from theexdlow at a flow rate of 5.5 L/mir{e)
Photograph of the upward view of the water turbifieAf array of 24 spot lighta/ere
lighted upsimultaneously. (g) Charging a commercial capacitor wherAIh& ENG is
driven by the above light wind and wafaw. All the scale bars are 2 ctf.

Figure2.2% is a photograph of the-éabricated device, anligure 2.29 shows
thedevice in the ambient environmebtove by thdight wind at a flow speed of 6.5 m/s
the rarvesedenergyby the AT-TENG is capable of simultaneously lightingan array of
24 spot lights(0.6 W eachonnected in serieSigure 2.28). Furthermore, the AATENG
was also demonstrated to harvest energy frorertkeonmentalvater flow. Figure.2d
and eare respectively the photographs showing the setup for water flow enevggtirg
andthe upward view of the water turbieenployed At a flow rate of 5.5 L/miwia a water

pipe, the harvested power can also be utilizesinmltaneoushjight upan array of 24 spot
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lights connected in seri€Bigure 2.29f. In the meanwhileas shown in Figure 2.89the
harvested energy from the wind and water flow by theT&ANG was also capable of

charging a capacitor up to more than 120 V in 60 seconds.
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Figure 2.30 Demonstration of the AMENG for recycling mechanical energy from
bicycling and moving car and acting as a-pelivered active speerheter. (a) Photograph

of the AT-TENG for harvesting energy from bicycling. The scale baris 5 cm. (b) Up is an
enlarged view of the installation of the AIENG onb a commercial bike. Down is a
photograph showing that 24 spot lights are lighted up simultaneously when bicycling
naturally. The scale bars are 2 cm. (c) Harvesting energy from a moving car at normal
speed and about 104 LEDs were lighted up simultaneolise/scale bar is 10 cm. (d) A
photograph showing the ATENG acting as a seffowered active sensor for both real
time moving speed detection and travelled distance measur&ment.

The AT-TENG was also further demonstrated to recyolechanical energy from
bicycling and moving carAs shown in Fjure 2.3@, an AFTENG was equipped onto a
commerciabicycle. An enlarged view of the installation is ggated in Figure 2.0 The
harvested power is also capable of lightin@dspot lights simultaneouslyhen a human

rides a bike naturalhAnd still, the AT-TENG can also harvest eneriggm a moving car
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As shown in Figure 2.30)about 104 LEDs were lighted up simultaneowshen a car is
runningat normal speed.

In addition, owing to the unique output characteristic, theTANG was also
demonstrated to be a s@lbwered speedometer with uHnggh measurement accuracy
which can measure not only the wheel moving speed, but also the travelled distance in a
reattime manner. Read the acquired electric signals frolN-aagment ATTENG, the
rotational speed in rpm at this moment can be expressed as
Y @it l MO (2.19
whereYois the time lag in second between tagjacentpeaks in the acquired electric
signals. And théravelleddistance till this moment can loalculatedoy:

0 _ “0JYyQo (2.20
where'’Y andL arerespectivelythe realtime rotation rate in rpm and travelled distarde,

is the segmemumberof the AT-TENG, D is the tirediameterof the moving object. It is
worth noting that, the seffoweredspeed or disnce measurement does not require a
uniformmotion of the wheel. It can moveabitrarytime-varyingvelocity, which renders

it a very practical applicationFigure 2.3@ shows a redime speedometerealized by
Labview programmingHolding anovel but simple structural desighge ultrarobustness

of the AT-TENG promises itself to havextensive applications in whelehsed transport

systems for either energy harvesting or-pelfvered sensing purpose.
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2.2.3Rolling friction enhanced free-standing TENG

In the meanwhileto avoid thematerialabrasionand the consequently generated
heatfor TENG, a free standing working mode of the TENGalsodevelopedecently*®
The created frestanding gap between the two triboelectric layers largely assures the
superiorrobustness of the device as well @sprecedentedlyigh energy conversion
efficiency. However, an awkwarilemmaemerges due to a low output performance as
well asunavoidableelastic chargealissipation, whichalso obstructed the TENG towards
practical application&

Herein, wepresentan ultrarobust high-performanceroute for rotational kinetic
energy harvesting by fabricatinga rolling friction enhancedfree-standiy mode
triboelectric nanogenerat¢RFTENG).”* Creatively utilizing the rolling friction from a
metal rod, thewkward predicamemtf elastic charge dissigah in the freestandingnodel
TENG s well resolved with n@ompromisng of the device robustness.

The device structure of the RFEENG isschematically illustrated in Figute31la,
which consists of three parts, a rotator, a stator and an aluminum rod. Thenzoom
illustration (middle left) demonstrates the functionality of the aluminum rod for charge
replenishmentia rolling friction with the rotator An axial gap in between the rotator and
stator, namely, the fregtanding gap, is tunable. In the stator, a layer of copper electrodes,
which arecomplementaly patternecanddisconnected by fine trenches in betwegare
deposited onto thieapton film. While, in theotator, a layer ofparalleleddentical copper
stripes with equal space was uniformly deposited onto the FEP thin film. Photographs of
the asfabricated rotator and stator with a grating number of 30 wespectively

demonstradin Figures2.31b andc.
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Copper
FEP
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Figure 2.31 Structural design of the rolling friction enhanced fst@nding triboelectric
nanogenerato(RFTENG), which consists of three parts, a rotator, a stator and an
aluminum rod. (a) A schematic illustration of a-RENG. The zoomn illustration
(middle left) demonstrates the functionality of the aluminum rod for charge replenishment
via rolling friction. (b) A photograph of the rollable stator. The scale bar is 1cm. (c) A
photograph of the rotator, which is made of evespggced metal gratings on a FEP thin
film. The scale bar is 1cm. (d) A SEM image of the FEP polymer nanowires. The scale bar
is 500 rm."

In order to enhance the surface chargesdg of contact electrification, inductively
coupled plasma (ICP) etching treatment wagormedo createpolymernanowires array
ontheFEP surfaceA scanning electron microscope (SEdheFEP nanowiress shown
in Figure2.31d, which indicatesn average clustering diameter of FEP nanowae80
nm with an average length of 250 nm. To operate, the thin film of the rotator wasdalign

onto a layer of sponge foam before besugported by an Acrylic rod with a diameter of
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2.54 cm. The soft spongedm here wasctingas a buffer layer t@assurean intimate

contact betweethealuminum rod and FEP film.

W s

Figure 2.32Schematics aheoperating principle of the RFENG. Both twedimensional
schematic illustrations of the charge distribution (upd gotential distribution by
COMSOL (down) were employed to elucidate the working principle of th&d R¥G in a
half cycle. (a) The initial state. (b) The intermediate state. (c) The final'étate.

The electricity generation of RFENG originategrom acouplingeffect ofcontact
electrification ancklectrostatic inductiof;’” as depicted in Figur2.32 Here, both twe
dimensional schematic illustrations of charge distribution (up) and potential distribution by
COMSOL (down) were used fexplanatbn. We define the initial state and the final state
as the states when the FEP gratings of the rotator aligned with electrode 1 and electrode 2,
respectivelyWhile anintermediate statis the statevhen the rotator spins from the initial
position to thdinal position. To begin withwhen the rotator starts to spimadling friction
happendetween the aluminum rod and F&iRface And thus arequal amount of negative
and positive chargewill be respectively generated on the FEP parts and the metal par

due toa difference of the electron affinity between aluminum and. FE®rolling friction
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here careffectively avoid the slidindriction between the rod and FEP surfastich can
not only assure the durability of theaterials but alsgorovide an eduring charge density
onthe FEP surfacecontributing to dime-lastingand constant output power

In the meanwhile, the rotation of the stator will also lead tcnamate contact
betweerthe aluminum rod andhe @pper gratingswhich ends up aedistribution of the
positive charge on both the aluminum rodand the coppeelectrodesof the rotator,
accordingto the principle of equipotential bod§ubsequentlypwning to electrostatic
induction thenegativelycharged FEP will induce the equal amt of positive charges in
the electrode 1, while the positively charged copper will induce the equal amount of
negative charges in the electrode 2 in the stator, as illustrafteglire 232a. A continuous
rotation will bring tothe intermediate statevherethe positive charge on electrode 1 will
transfer to electrode 2 through the external cirfigure 232b) till it reachesthe final
state(Figure 232c). Further rotation beyond the final state induces both the opemtci
voltage and shotircuit currentto change in a reversed waégcause of the periodic
structure.

To systematically investigate the performance of RIETENG in harvesting
rotational kinetic energytwo key design parameters, the grating numbers and the free
standing gap, are boexperimentallyandtheoreticallystudied.To measure, the RFENG
was anchored on a platform with one end was fixed by a bearingpthed end was
conneckdto a programmable rotary motdrhe center of the bearing and the rotary motor
was tuned by aaising platformas well as &8D-stage to guarantee a coaxaplerationof
the RFTENG for a stable electric outputhe motor is programmabfer a quantitative

measurement of the electric outpwhich wascarried out under a relatively dry humidity
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(RH=30%).To begin with, given a fixed free standing gap of 0.5 mm, the open circuit
voltage shows a minategradationwith increasingthe grating numbers, while a quasi
linear increasing trend was experimentally observed for the short circuit current, as
demonstrated in Figur@.33a. Then, a further electric output characterization was
systematically performed when the free standing gaps were set at 1 mm, 2 mm, 3 mm and
6 mm, and the corresponding experimental observations were respectively presented in

Figures2.33, c,d ande.
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Figure 2.33Electrical output characterization of the-RENG. Dependence of the short
circuit current and opeaircuit voltage on the number of gratings under a varioes
standing gaplistance D between the rotator and staf@) D=0.5 mm, (b) D=1 mm, (c)
D=2 mm, (d) D=3 mm, (e) D=6mm. (f) Dependence of the maximum output power of the
RFTENG on the grating numbers at a fixed axial distance D = 0.5mm.

From the evolution of the output signals regarding the increggsatgngnumbers
at various gap distancesertain trends can be derivexclearly profilethe reportedRF
TENG. Firstly, current amplitudes adeastically increased with elevatgchating numbers

at a gap distances lower than 2 mm. Secondhenithe gap distance was larger than 2
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mm, maximizedcurrent outputs emerge at an optimized grating numbers. And also, the
maximized current points were shifted towards a larger gratungpers at smaller gap
distancesApparently, a monotone increasing relationship was no longer exhibited between
the currat output and the grating numbdeos the RFTENG. This is mainly attributed to
the transferred charges across the electrodes were degradeccveiisiimg of the grating
numbers’®

For the inplane sliding mode, due to the intimate contact between the two
triboelectric layers, the generated static electric fields by the triboelectric charges are
mutually locked. As a consequence, the transferred ch@gesoss electrodes will not be
reducedvith further subdivided gratings. The output current is proportionaDfit dwith
constant charge transfer across electrodes, a faster charge transfer will be resulted from the
subdivide grating, which contribig¢éo an enhanced current output. Howewerthe R~
TENG, the static electric fields between triboelectric layer and electrode are no longer
mutually locked due to the existence of a physical gap, which will lead to a reduced transfer
charges across the electrodes. With further subdivided grativegsicrease of the output
current due to a faster charge transfer will be undermined by the reduced amounts of the
transferred charges. And the later will become more and more dominant on the current
output with elevated subdivided gratings, which resdemaximized current output at an
optimized grating numbein the meanwhile, this effect will also become more and more
dominant at a fixed grating number with elevated gap distance, which contributes to a
shifted peak current points towards a smaltatigg numberg8 Thirdly, at all gap distance,
the opercircuit voltage shows a decreasing trend with increasing the grating numbers.

Especially at larger gap distances, the output voltagiecreasedhuch more obviously.
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Fourthly, both the current and voltage agparentlydecreased with eleted free standing
gap distancesTheseobservationgre mainlyattributed tathata larger gap distance leads
to a weaker electrostatic inductieffect. More importantly, a more confined electrostatic
field will exist with smaller gap distance between the charged surfaces and the electrodes.
Additionally, the symmetrical neutralizing effect of the potentidl become stronger at a
larger gap distnce.

For a systematical study,fartherstep was taken tevaluatethe output power of
the RFTENGswith elevatedgratingnumbers. At a fixed gap distance of 0.5 mm, the
output power density is obviously increased with grating numbsishown in Figer2.33.
Here, eacloutput power densitys the maximized value at its optimizedternal load
resistanceFurthermore, chargeplenishment by a rod rolling frictias the driving force
behindthe enhanced electric output of the presentedlRRG. To quatify the rolling
induced performance improvement, both the egietuit voltage and shouircuit current
are measured with or without the nalder various rotating spegdrom100to 900 r/min
Here, the rotator of the test®~TENG has adiameterof 2.54 cm and &ngthof 10 cm.
And the free standing gap is set tolbB mm As the experimeat results presented in
Figure 2.34 andb, both theopencircuit voltage and shouircuit currentaredoubledwith
the rolling friction induced charge replehiment. Absence of the rod rollinghe
triboelectric chargs on the FEP surfacewill decay continuously After placing the
aluminum rod, theutput of the RFTENG is obviously increased and ke@osistant at a
higherplateau Not until removing of the metal rod, the electric output shows an obvious
degradation. It is worth noting that the charge degradation rate is highly related to the

ambientenvironmentsuch asemperature, humidity, pressure, floating particles in air and
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so on In the RFTENG, thecontinuouscharge replenishment will enable the device free
from theenvironmentafactors, rendering a consistent and constant electric output. This is

also a criticahdvantageéowards asustainabl@ractical power source.
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Figure 2.34Therolling friction inducedcharge replenishment and device robustrilss
current(a) andvoltage(b) enhancemenrtty introducing the aluminumod rolling friction

(c) Mechanical robustness test of the-RENG. The output voltage only shows a minor
fluctuation of less than 0.2% after 14.4 M cycles of rotati@)sComparison of the metal
gratings surface morphology aftdre rolling friction and sliding friction up to 120000
cycles.The scale bars are 1 c¢t.

The reliability is also asuperiorfeature of the reported RFENG, whichis
primarily represented by its output stability and mechanical duraliityone handthe
output stability against thelongterm continuousrotation has been investigated.o
evaluate, a set of current output measurements were performed among thseef type

TENGs: RFTENG, Noncontact freestanding mode TENG (NTENG), and Contact in
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plane sliding mode TENG (ENG). The output current data of each TENG was
normalizedas shown in Figur&.34c, the output of RFTENG only shows a minor
fluctuation of lesshan #0.2% after 14.4nillion cycles of rotations while the outputC-
TENG decreaskabout 15%.Noticeably, he output of th€€-TENG dropedto 45 % only
after2.8 million cyclerotation.

On the other hand, to investigate, thechanicaldurability is also evaluated by
comparing the surface material abrasion after 0.12 million dy@é&stion.As exhibiedin
Figure 2.34, the metal electrodeof the RFTENG stay almost intactvhile those of the
in-plane sliding mod@ENG werealmostworn out Theultra-robustness of the RFENG
is mainly attributed to the novel device structural design. In the operation-0ERE,
there is no direct physical contact between the triboelectric ayktheslectrode, and the
rolling friction for the charges replestiment will hardly cause any damage to the durable
FEP polymer surfaceMoreover, the using of a soft sponge can largely reduce the rigid
contact between aluminum rod and FEP, and it also can avoid the relative slip between
aluminum rod and FEP film, whiatould furtherenhance the robustness of the device

To demonstrate theapabilityof the RFTENG asarobustand sustainable power
source firstly, the output power of an dabricatedRFTENG with a grating number of
30,diameterof 2.54 cm, length of@.cm was quantified at the free standing gap of 0.5 mm.
As shown in Figure 2.3 the shortircuit current andpencircuit voltage(peak to peak)
canrespectivelyreach ~15 pA and -320V. Resistors were utilized as external loads to
further investigatehte output power of thRFTENG ata rotation rate of 1000 r/mirs
displayed in Figur&.3%, the current amplitude drops with increasing load resissance

owing to theohmic loss, while the voltage follows a reverse treAd.a result, the
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instantanenous peak power is maximized at a load resista@0édad , cor espondi n¢
peak powedensityof 250mW/m?. This longterm continuousoutput poweis capable of
simultaneously powerg 16 spot lights connected in paral(@igure 2.35% chargng a

200 pF commercial capacitor to 120 V in 17@s well adighting up a G16 globe light

(Figure 2.350
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Figure 2.35Demonstrations of the RFENG as apracticalpower source. (a) Electric
output characterization of a RFENG with a grating number &0 andgapdistance D =

0.5 mm. (b) Dependence of the output current and peak power of tHi&RGE on the
resistance of the external load, indicating the maximum power output is obtained\wt 20 M
The results were obtained under a fixed rotating speed of 900 r/min. (c) Photograph of 16
spot lights that are directly powered by the RENG in complete darkness under a rotating
rate of 1500 r/minThe scale bar is 1 cnfd) Demonstration of the RFENG charging a

200 yF commercial capacitor and simultaneougiited up a G16 globe lighthe scale
bar is 2 cnm'?
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2.3 TENG for acousticenergy harvesting

As a clean, ubiquitous and sustainable energy source, acoustic, e as
various sound noises from any living activitiagports constructiorsites and trafficare
one of the wasted energigst areabundant in oudaily life. Sound energy is usually taken
as unwanted noise that is polluting our livergvironmentAcoustic energy harvestiivgas
not as popular as other types of energy harvestinth as solar energy and thermal electric
energy, possibly because not osbund waves havg muchlower power densitjut also
the lacking of effective technology for harvesting such energy

Har ves®wiurst i chaesnebregeyn demampptroédwdeduvinng
piezoel elPand celeddtetiBbautt attihei ef fpded éd tlbopwn c e s
energy convetswopowkdti die@tse iy ga,ncdemguli eximey t
highality?%atdemiealmpre, most of twerbkrasen
high frequencies f°roffii hefswuhk#izsoor élg, av a
|l ife contain predomi namtalky nigppwhéeeregdaensmnsc
unisuable in meidThernefcamst am@evesting sound

chall enge.

2.3.1 Organic thin film based TE
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repearhe first-fiormabased ht ni bo®®Relcyirng omn
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i's in a circuledar afslheaypielpland ee mmlda& ¢l dhsec hcearwma ttiyc a
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The flow of electrons lasts until tiel'FE thin filmreaches the highest point, where
the corresponding separation is maximized ffe@.37c St a g).eSubkdquentlydue to
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