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supply for conventional implantable device remains predominantly batteries.
The emerging nanogenerators, which harvest micro/nanomechanical energy
and thermal energy from human beings and convert into electrical energy, pro-
vide an ideal solution for self-powering of biomedical devices. The combination
of nanogenerators and biomedicine has been accelerating the development of
self-powered biomedical equipment. This article first introduces the operating
principle of nanogenerators and then reviews the progress of nanogenerators
in biomedical applications, including power supply, smart sensing, and effec-
tive treatment. Besides, the microbial disinfection and biodegradation perfor-
mances of nanogenerators have been updated. Next, the protection devices
have been discussed such as face mask with air filtering function together with
real-time monitoring of human health from the respiration and heat emission.
Besides, the nanogenerator devices have been categorized by the types of
mechanical energy from human beings, such as the body movement, tissue
and organ activities, energy from chemical reactions, and gravitational poten-
tial energy. Eventually, the challenges and future opportunities in the applica-
tions of nanogenerators are delivered in the conclusive remarks.

KEYWORDS

biomedical engineering, healthcare, implantable devices, nanogenerators, self-powered
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1 | INTRODUCTION

The increasing demand for safe, comfortable, and high-
quality healthcare have led to an exponential increase in
the biomedical technologies and healthcare services."™ In
this scenario, biomedical sensors and implanted medical
devices are gradually replacing traditional medical
devices.”® Biomedical sensors'®'* are a class of equip-
ment, developed via a combination of engineering and
biomedicine, that detect or respond to physiological sig-
nals.”>'® They are used to measure the heartbeat,'® blood
pressure,”® pulse,”*** body temperature,”2° and blood
flow.?”?® These detected physiological parameters®>** are
used for clinical diagnosis and patient monitoring. Bio-
medical sensors are critical medical equipment, analogous
to a sensory organ that senses vital signs and extending
the perceptual capability of doctors.

An implantable medical equipment®* combines intel-
ligently electronic manufacturing technology and medi-
cine**** to provide highly convenient, fast, and accurate
medical services for people (Scheme 1). To name a few,
an emerging trend of biomedical engineering has
grown prosperous in the postoperative rehabilitation via

4-37 42,43

therapy,®®*' disease treatment,
44,45

early diagnosis,’
and functional organ replacement.

Besides, the healthcare systems involve the specific
drug delivery,**° and long-term real-time health status
monitoring.***> To this end, applications of nano-
generators® primarily include wearable and implantable
sensing equipment,”*>* capsule endoscopes,’® cardiac
pacemakers,”” > artificial hearts,® spinal cord electrical
stimulators,® "% and artificial cochleae.*%°

Providing safe, convenient, efficient, and reliable
power supply for biomedical sensors and implantable
electronic devices is one of the most critical problems.
Traditional contact-based electric energy transmission
via wires is prone to wear and exposure over the long
term, which soon leads to accidental contact and elec-
tric shock, posing a significant potential safety hazard.
In addition, the wires and cables of various biomedical
equipment tend to become tangled and knotted
while in use, resulting in poor contact. Consequently,
implanted medical devices are currently powered by
high-energy batteries,®’”’? for example, lithium-ion bat-
teries. However, typical battery sizes impede the minia-
turization of implanted devices. The service life of
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The applications of nanogenerators in biomedical engineering and healthcare devices
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batteries is another limitation, requiring battery replace-
ment surgery every few years. This secondary surgery
dramatically increases the risk of infection and poses an
economic burden on patients.”>”’® Recently, a new type
of noncontact power transmission technology called wire-
less power transfer (WPT) has rapidly developed. Further-
more, powering biomedical implantable sensors via
wireless power transmission is now considered a superior
energy supply method and is attracting growing atten-
tion. However, the existing wireless power transmission
technology has short effective charging distance, large
equipment volume, large energy loss, high electromag-
netic compatibility index, and causes tissue heating.
Therefore, WPT does not effectively solve challenges such
as limitation of energy, device size, and device weight.

A nanogenerator is a device that harvests micro,
nanomechanical, and thermal energies and converts them
into electrical energy. Based on the power generation
mechanism employed,””~”® nanogenerators can be classi-
fied into three different types: piezoelectric (PENGs),5* %
triboelectric (TENGs),*>* and pyroelectric nano-
generators (PyENGs).*”®® PENGs and TENGs convert
mechanical energy into electrical energy,”’™®* whereas
PyENGs convert thermal energy generated by tempera-
ture variations into electrical energy. The thermal and
mechanical energy generated by the human body is suffi-
cient to supply a nanogenerator for biomedical applica-
tions. In 2006, the concept of piezoelectric nanogenerator
was first proposed.”>®® Until 2012, the triboelectric nan-
ogenerator””®® and pyroelectric nanogenerator’® were
successfully developed.

The self-powered nanodevice was proposed in 2008 as
proof-of-concept.'®'?" Because the nanodevice is assem-
bled with a nanogenerator that has corresponding size, this
device can harvest stray mechanical energy in its host envi-
ronment and convert this energy into electricity, thus being
a nanosystem operated independently of external power
supply. Over the past decade, nanogenerators have rapidly
developed from conceptual designs to a practical technol-
ogy that effectively harvests various forms of mechanical
energy from the surrounding environment,'*'%> such as
wind'% ' and waves.''*'** Besides, nanogenerators have
harvested energy from the micromechanical movements
such as muscle activity, heartbeat, breathing, and arterial
contraction.

Self-powered micro/nanodevices provide an effective
solution to the power supply limitations of biomedical
implantable sensors. Therefore, nanogenerators are con-
sidered as the ideal energy source for biomedical elec-
tronic devices. In this regard, an implantable PENG
(iPENG)'* based on zinc oxide (ZnO) was implanted
into living mice to harvest energy generated via respira-
tion and heartbeat. This was the first successful attempt
at converting biomechanical energy into electrical

energy. An implantable TENG (iTENG)'*® was success-
fully developed in 2014. The TENG was encapsulated and
implanted in the body to harvest mechanical energy gen-
erated via respiratory muscle movement or heartbeat and
convert this mechanical energy into electricity to power
the implantable devices. In subsequent years, consider-
able research has been conducted on nanogenerators and
biomedical devices, and nanogenerator use in biomedical
applications has considerably grown. Nanogenerators can
be used not only as a self-powered power supply for bio-
medical sensors but also as direct-use mechanical micro/
nanosensors in biomedical applications or in the treat-
ment of certain diseases.

First, this study briefly introduces the operating
principle of the nanogenerator and reviews the progress
of nanogenerators in biomedical applications, including
power supply, sensing, treatment, microbial disinfec-
tion, and biodegradation. Then, the challenges to nan-
ogenerator applications in the biomedical field are
discussed, and the development and prospects for nano-
generators are summarized.

2 | NANOGENERATORS

Nanogenerators are a class of technical device that convert
mechanical (e.g., vibration, wind, and human kinetic ener-
gies) or thermal energy in the surrounding environment
into electricity. Thus, as a new technology that can enable
the development of self-powered devices, nanogenerators
have created a new field of energy harvesting and conver-
sion. At present, there are three typical technical approaches
to nanogenerators, based on three different power genera-
tion mechanisms: piezoelectric, triboelectric, and pyroelec-
tric.''*'®* PENGs and TENGs convert mechanical energy
into electrical energy, whereas PyENGs convert thermal
energy generated by temperature fluctuations into electrical
energy.

2.1 | Piezoelectric nanogenerator

There is a phenomenon that mechanical energy and
electrical energy are exchanged in piezoelectric mate-
rials. Under a deformation by an external force, polari-
zation occurs within the material,’**"'** while positive
and negative charges simultaneously generate on oppos-
ing sides along the direction of polarization.'** This is
called a positive piezoelectric effect. In contrast, the
inverse piezoelectric effect means that when a voltage is
applied to the polarization direction of a dielectric
material, the material will undergo a phase change.
PENGs exploit the positive piezoelectric effect in piezo-
electric nanomaterials.'*>'2¢
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FIGURE 1

Operating mechanism of the piezoelectric
nanogenerator. (A) Scheme of a ZnO nanowire and its coordination
system. (B) Longitudinal strain ez distribution in the ZnO nanowire

at a bending status. (C) The longitudinal piezoelectric-induced
electric field Ez distribution. (D) Potential distribution. (E) Reverse-
and (F) forward-biased Schottky rectifying curves of the AFM tip/
nanowire contact. Reproduced with permission.”®> Copyright 2006,
American Association for the Advancement of Science

The operating mechanism of the earliest PENG is pres-
ented in Figure 1. One end of a vertically grown ZnO nano-
wire is fixedly connected to a metal electrode, and the other
end is deformed under the action of an atomic force micro-
scope probe. When a ZnO nanowire is bent, it is simulta-
neously stretched and compressed on its opposing surfaces,
generating a positive charge on the stretched surface and a
negative charge on the compressed surface. Because ZnO is
an N-type semiconductor, a Schottky junction is formed at
the boundary between the ZnO and the Pt probe.

When the probe is in contact with the ZnO surface, a
small number of negative charges accumulate on the probe’s
surface, and electrons can no longer flow from the ZnO nano-
wire to the Pt probe under the effect of the Schottky junction.
When the probe scans from the tensile surface to the com-
pressed surface of the ZnO nanowire, the Schottky junction is
in a conducting state, and electrons flow from the ZnO nano-
wire through the probe via the external circuit.'*" !

2.2 | Triboelectric nanogenerator

The triboelectric effect refers to the phenomenon in
which rubbing two different substances against each

other results in electron transfer from the surface of the
substance with weaker electron binding ability to the sur-
face of the substance with stronger electron binding abil-
ity, making the former positively charged and the latter
negatively charged. Triboelectrification was discovered
over 2600 years ago and is a very common phenomenon
in daily life.

Electrostatic induction refers to the redistribution of
electric charge in conductors due to the interaction of
electric charges when charged and uncharged objects
approach each other. This phenomenon was discovered
by scientists John Canton and John Calville, in 1753 and
1762, respectively. Electrostatic induction occurs because
the free charge in a conductor moves directionally when
exposed to the force in an electric field such that the two
ends of the conductor generate equal amounts of opposite
charges,'**™"** that is, the induced charge.'*>'*°

The TENG couples the triboelectric effect with elec-
trostatic induction for energy conversion.”*”**®* The
mechanism is briefly depicted as follows."***** First, it
accumulates positive and negative charges on two friction
layers via the triboelectric effect, and then outputs elec-
tric energy via electrostatic induction between its moving
friction layers and electrodes.

The basic unit of the TENG typically comprises two
types of dielectric film with a micro/nanostructure and
different electron gain/loss capabilities that are attached
via back electrodes. At least one of these dielectric films
is an insulator to facilitate storage of the electric charges
generated by the triboelectrification effect on the surface
of the films. A TENG has four primary operational
modes,"** namely vertical contact-separation, lateral slid-
ing, single-electrode, and freestanding triboelectric-layer
(FTENG) modes (Figure 2).

2.2.1 | Vertical contact-separation mode
Due to its simple structure and high output performance,
TENG's vertical contact-separation mode is the most com-
monly utilized."* Figure 3 illustrates the operating princi-
ple of the TENG in vertical contact-separation mode for
open and short-circuited external circuits. In this mode,
the typical composition of TENG is dielectric—-dielectric
model: two polymer insulator materials are placed oppo-
site to each other and separated by gaskets, and the other
side of the polymer films is plated with metal electrodes.
When the device is in its original state (Figure 3A),
the entire device is electrically neutral. When influenced
by an external force, the two polymer films contact and
rub against each other. Due to the difference in the abil-
ity of the friction layer to gain or lose electrons, the
material with positive electronegativity loses electrons.
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FIGURE 2

@ Steelrods
@ FEP thin films

@ Copper electrodes

The four primary operational modes of a TENG. (A) Vertical contact-separation mode. (B) Lateral-sliding mode. (C) Single-

electrode mode. (D) Freestanding triboelectric-layer mode. PTFE stands for polytetrafluoroethylene. FEP denotes fluorinated ethylene
propylene. Reproduced with permission.'*®> Copyright 2016, Wiley-VCH Verlag GmbH

In contrast, the material with negative electronegativity
gains an equal amount of electrons.'*® Consequently, the
upper and lower friction layers gain equal amounts of
opposite charge, that is, frictional charge. Because the
polymer is an insulating material, frictional charges can
be accumulated on the surface of the polymer films for a
long time without dissipation.

When the two polymer films are separated by an
external force, a potential difference is generated between
the two electrodes.’*® With an increase in the separation
distance, the open-circuit voltage continuously increases
until the device returns to its original state, which is a
point of open-circuit voltage peak. In an ideal state
(where the impedance of the external circuit is infinite),
the voltage remains unchanged. Subsequently, the dis-
tance between the two polymer films is reduced by an
external force, and the open-circuit voltage continuously
decreases until the two films are in full contact, which is
a point where the open-circuit voltage decreases to zero.

When the external circuit is connected to an ammeter
(Figure 3B), the triboelectrification process for the two
polymer films is the same as that for the external voltme-
ter. As the two polymer membranes separate, electrons
are transferred to balance the potential difference caused
by the distance. However, when the two polymer films
return to complete contact, the potential difference gen-
erated by the frictional charges dissipates, and the elec-
tron transfer is reversed.

Owing to its ease of fabrication and excellent perfor-
mance, the vertical contact-separation TENG is exten-
sively applied to collect mechanical energy caused by
flapping, oscillation, and sound waves.

2.2.2 | Lateral sliding mode

Converting mechanical energy from horizontal sliding
motion into electric energy mainly depends on the lateral
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Operating principle of the vertical contact-separation mode TENG. The external circuit is (A) connected to an ammeter;

(B) connected to a voltmeter. The PMMA denotes polymethyl methacrylate. Reproduced with permission.*” Copyright 2012, American

Chemical Society

sliding mode TENG, solving the limitation of the conven-
tional TENG working only in the vertical direction. The
operational process of the lateral sliding mode TENG'***%3
is presented in Figure 4, with polytetrafluoroethylene
(PTFE) and polymer nylon used as the friction materials.

Metal electrodes are plated onto the outer sides of the
two polymers, and the outer sides of the two metal elec-
trodes are attached to a glass substrate. The PTFE and
nylon are rubbed against each other by sliding the glass
substrate, which generates an equal amount of opposite
charge.

When the upper and lower substrates slide relative to
each other and are no longer fully aligned, the positive
and negative frictional charges on the polymer can no
longer be completely shielded from each other, thus the
exposed positive and negative charges change the poten-
tial difference of the upper and lower electrodes. The
potential difference at the exposed end of the positively

charged polymer is inevitably higher than that at the
exposed end of the negatively charged polymer. This
potential difference causes the electron transfer between
the upper and lower electrodes, realizing the transforma-
tion from mechanical to electrical energy.

Compared with existing vertical contact-separation
mode TENGs, the lateral sliding mode TENG has struc-
tural advantages, including the capacity to maximally
harvest sliding mechanical energy, high efficiency, and
convenient integration and encapsulation. The TENG is
often used for harvesting mechanical energy in the forms
of wind energy, water energy, and relative sliding.

223 | Single-electrode mode

The main difference between the two TENGs previously
mentioned is the direction of the relative motion of the
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FIGURE 4 Operating principle of the lateral sliding mode TENG. The nanogenerator operates with periodically repeating the four

states. (A) Two polymer surfaces are completely overlapped and closely contacted. (B) The top polymer with positive charge surface starts to

slide outward. (C) The top polymer completely slides out of the bottom polymer with both triboelectric surfaces completely separated. (D)

The top polymer slides backward. Reproduced with permission.'>* Copyright 2013, American Chemical Society
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FIGURE 5 Operating principle of the single-electrode mode
TENG. The PDMS denotes polydimethylsiloxane. The ITO stands
for the indium tin oxide. Reproduced with permission.*®! Copyright
2013, American Chemical Society

two friction materials. The common characteristic of the
two previous modes is that the friction layers and the
electrodes are connected to the load, which can be useful
in a situation where the device is mobile. However, in
real world applications, when only one contact surface of
the nanogenerator is mobile, for example, a car or a
walking person, the previous two modes of the nan-
ogenerator would be unable to effectively harvest energy.

To overcome this limitation, researchers have pro-
posed a single-electrode mode TENG.'*>'*® Unlike the
conventional TENG, the single-electrode mode TENG'’
only contains one dielectric layer and one electrode.'>*%°
The induction electrode is connected to the earth via the
conductor, and the earth replaces the other induction
electrode. The entire ground potential can be regarded as

zero, and the potential difference between the induction
electrode and the earth promotes the transfer of electric
charge. The operating principle of the single-electrode
mode TENG (Figure 5) is basically similar to that of the
conventional dielectric-dielectric TENG.

A metal conductive electrode is plated onto the back
of a polymer film, and the conductive electrode is directly
grounded to form a circuit when connected to an external
load. Due to the friction polarity difference between the
free moving friction object and the polymer film, the
same amount of opposite frictional charge is generated
when they are in contact. When the two contact surfaces
are separated, the interval between the two contact sur-
faces leads to a potential difference between the conduc-
tive electrode and the earth wire, and the potential
difference drives the flow of electrons, generating current
output.

The single-electrode mode TENG considerably
expands the range of application of the TENG, enabling
it to harvest energy via a human-machine interface,
bodily movement, object rotation, and even liquid flow
and other environments. It is a more flexible power
generation mode.

2.2.4 | Freestanding triboelectric-layer mode
The freestanding triboelectric-layer mode TENG
(FTENG)'®*7'°® is a further developed single-electrode
mode. With the elimination of the grounding structure, it
can freely move, providing considerable flexibility.
The structure consists of two interconnected metal elec-
trodes attached in parallel to a polymer film layer. A fluo-
rinated ethylene propylene (FEP) film serves as an
independent friction material, while two connected Al
foils arranged in parallel function as a conductive elec-
trode and a second friction layer (Figure 6).
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Dielectric-to-conductor FTENG in contact sliding mode
(A) (B) Sliding forward
FEP : L | N
ST | | I—
(B 25 76 2 2 o 2 i ] [ e e
Al }<T>{ Al
(Left electrode) (Right electrode)
R b
I |
(D) Slidilng back»;ard (C)
pe— ErErr———
(R 5 ) R § ] e
— — 3
I :
FIGURE 6 Operating principle of the freestanding TENG. (A) The FEP layer overlaps completely with the left electrode. (B) The FEP

layer slides towards the right electrode. (C) The FEP layer slides to the overlapping position with the right electrode. (D) The FEP layer
slides from the right electrode to the left. Reproduced with permission.'®” Copyright 2014, Wiley-VCH Verlag GmbH

2.2.5 | Self-charging mechanism

Actually, the common energy storage devices (polar
capacitors, batteries, etc.) and electronic components
(light-emitting diodes [LEDs], etc.) strictly distinguish
the positive and negative poles, and the output signal of
TENG presents the alternating current characteristics simi-
lar to sine wave with the contact-separation movement.
Direct connection between AC signal and DC system will
cause mismatch, resulting in waste of reverse signal and
even damage to electronic equipment. And in practical
application, the mechanical movement of human body is
uncertain, so TENG cannot provide electric energy contin-
uously. To sum up, it is necessary to rectify the output cur-
rent and store it in the energy storage device before
supplying power to the subsequent circuits.

It should be noted that TENG, as a capacitive energy
harvester, has a high inherent impedance, which is usu-
ally in the range of several megaohms to tens of
megaohms. However, the impedance of miniature elec-
tronic equipment and energy storage devices such as bat-
teries and capacitors is relatively low. This characteristic
of TENG leads to low energy transfer efficiency after rec-
tification, whether it is directly supplying power to elec-
tronic equipment or charging energy storage equipment.
Therefore, a universally matched power management
design is needed to deal with the problem of impedance
matching. Figure 7 is a very classic power management
design, TENG is represented by a series AC power supply
and a capacitor, which is directly connected with a recti-
fier bridge composed of four diodes, and the rectifier
bridge converts AC electrical signals into DC electrical
signals. And finally, the rectifier bridge is connected with
a direct current step-down circuit composed of a switch
tube S, a diode D,, an inductor L and a capacitor C, so as

S
197 A "
Ur DN C== [z
B

FIGURE 7 Power management design of TENG

to realize the step-down and current-up of the circuit.
This circuit solves the problem of impedance mismatch
to a certain extent, and the whole circuit is composed of
miniature electronic electrification, which is small in size
and easy to integrate.

2.2.6 | Preparation method of nanogenerator
Manufacturing method is the basis of device production,
and scientific and reasonable manufacturing method is
the decisive factor of producing high-quality devices.
Compared with traditional electronic devices, flexible
electronics devices have better flexibility, are easier to
adapt to various working environments, and meet the
deformation requirements of devices, which also means
that there is a larger application space, has flexibility, to
adapt to various working environments, and meets the
deformation need of devices, which also means that there
is more application space.

Therefore, considering the long-term development,
flexibility is the first condition to be considered in the
preparation of nanogenerators. In addition, considering
the future industrial production and large-scale
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application, low cost and high efficiency are also neces-
sary conditions for the preparation of nanogenerators.
Soft lithography process and flexible printed circuit board
(PCB) process are considered as the general large-scale
manufacturing technologies for flexible TENG.

Soft lithography is a mighty technology to form sur-
face topography by using mold replication structure.
Generally, a flexible imprint mold is made of soft poly-
mer material, and after SAM (self-assembly monomer) is
coated on the mold, it is slightly pressed on the gold-
plated film substrate like a stamp, and the self-assembly
monomolecular of the protruding part on the
nanopattern mold is printed on the gold film like ink,
thus completing the transfer of surface pattern. Soft
lithography technology,'*®'”° which can easily manufac-
ture surface microstructures, and even make molds on
irregular curved surfaces, which is not limited by mate-
rials and chemical surfaces, and has been used to pro-
duce TENG materials with surface patterning. At the
same time, due to the reusability of the mold, this tech-
nology is very suitable for large-scale production of sur-
face pattern materials, and the production cost is greatly
reduced because lithography is avoided. It is a cheap, effi-
cient, and suitable technology for large-scale use.

Of course, it is inevitable that there are some defects
in the application of soft lithography in micro-machining.
As the most commonly used elastic mold material in soft
lithography, PDMS'”' has shrinkage deformation after
curing, and under the action of toluene and ethane, the
aspect ratio will also change to some extent. In addition,
PDMS has elasticity and thermal expansion, which
makes it difficult to obtain high accuracy, which limits
the application of this material in soft lithography. But
these are not enough to prevent PDMS from being widely
used in soft lithography.

PCB is a very important part of electronic products.
PCB technology uses insulating board as base material,
which is cut into a certain size, with at least one conductive
pattern attached to it and holes (such as component holes,
fastening holes, metallized holes, etc.), to replace the chas-
sis of electronic components of previous devices, and real-
ize the interconnection between electronic components.
Because this kind of board is made by electronic printing,
it is called “printed circuit board”. PCB is the key intercon-
nection of electronic equipment, which plays an important
supporting role in scientific research, communication,
automobile, aerospace, and other fields, and is an impor-
tant foundation of modern science and technology. Its own
development and the continuous improvement of related
technologies promote the continuous development of soci-
ety and economy. With the adoption of PCB technology,
due to the standardization of industrial production and the
unification of PCB standards, manual errors are avoided,

and electronic components can be automatically inserted
or mounted and automatically detected, thus ensuring
the quality of electronic equipment, improving labor pro-
ductivity, reducing costs and facilitating detection and
maintenance.

As a PCB technology, flexible printed circuit board
(FPCB) technology retains all the advantages of PCB
technology, and has flexible characteristics. It makes sur-
face graphics on a flexible substrate surface by means of
photo imaging graphics transfer and etching process,
which can be curled, coiled and folded in half at will, and
is widely used in many fields such as flexible, wearable
and implantable devices. In addition, FPCB can greatly
further reduce the volume and thickness of electronic
products, which is conducive to miniaturization and inte-
gration of equipment. And its comprehensive cost is low,
and it is easy to realize the batch manufacturing of flexi-
ble TENG. It has good application in the preparation of
contact TENG'”? and sliding TENG.'”?

Similarly, FPCB technology also has some disadvan-
tages. First of all, after the flexible PCB is manufactured,
it can only be changed from the base map or the com-
piled photo drawing program, which is difficult to mod-
ify. Second, at present, the soft PCB technology has not
been popularized, which is limited by the size of indus-
trial unit, so it is limited to miniaturization application.

2.2.7 | Performance evaluation of
nanogenerator

The triboelectric nanogenerator has four working modes,
and each mode has different structural design and mate-
rial selection to adapt to the corresponding mechanical
triggering conditions. Therefore, in order to quantita-
tively characterize and analyze the output and efficiency
of generators in various modes, we need a general evalua-
tion scale. By constructing the cycle for maximized
energy output (CMEO) of TENG, a performance figure-
of-merit (FOMp) was proposed with a model constituted
of structural figure-of-merit (FOMg) and material figure-
of-merit (FOMy).}”+*7

For periodic mechanical movement, the electrical sig-
nal generated by TENG will also be periodic. In this way,
the average output power P is generally utilized to evalu-
ate the quality of the generator. When the period T is
determined, the output energy E per period can be
deduced as:

E:?T:jVIdt:t_JTVdQ:{;VdQ§. (1)

t=0
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Therefore, the charge state and energy generation of
TENG can be expressed by the curve of voltage V versus
transferred charge Q. In view of this V-Q curve, in order
to quantitatively analyze the operating state of TENG,
different working processes are described as different
operating cycles, mainly including the energy output
cycle and the maximum energy output cycle when TENG
is connected with an external resistor.’’® The energy out-
put cycle refers to a closed loop formed by V-Q
curve.'””'”® According to V-Q relationship, for CEO of
each energy output cycle, the total cycle charge Qc is
smaller than the maximum transfer charge Qscmax all
the time. If we can uniformly maximize the Qc of these
cycles to Qscmax the energy E generated in each cycle
will be improved.

The key to maximize the energy of each cycle is the
use of switches in parallel with resistors. Taking the hori-
zontal sliding mode as an example, whenever the friction
charge accumulates to the maximum value, that is, when
the sliding distance reaches the maximum value, the
switch is closed to complete the energy release, and so as
to realize the maximum energy output. Under infinite
load resistance, the maximum possible output energy E,,
per cycle can be calculated theoretically by the following
formula:

1 /
Em = EQSC,max (VOC,max + Vmax) . (2)

In the formula, Vo max is the maximum value of the
maximum open circuit voltage, and the maximum value
of the maximum achievable absolute voltage at the posi-
tion where Q = Qsc is V,,. P at this time is
expressed as:

N o= (3)

In which T is the cycle period and v represents the
average speed of relative movement of the two friction
layers.

Therefore, the energy conversion efficiency # of the
generator is:

o Eout o Eoutput per cycle
E in Eoutput per cycle +E dissipation per cycle
Em
=1/|1+1/( —= , 4
/ [ / <2Fxmax>:| @

where is the average dissipation force in the moving pro-
cess, which can be air resistance, friction force, and so
forth. Therefore, it can be seen from formulas (3) and (4)
that P and 5 are related to Epn/Xmax term. It is worth

noting that the values of E,, and x,,, only depend on
TENG itself. In formula (2), Ey, includes Q¢ max, Which is
a quantity proportional to the friction surface area A. In
order to eliminate the influence of the generator size on
the performance, A should be introduced into E.,/Xmnax
term as a divisor, so that E,,/AXy.x term which can deter-
mine TENG quality can be obtained.

In formula (2), Qsc.max and Vo max are all proportional
to o. Therefore, E,,, should be proportional to ¢.*> To sum
up, the structural index FOMg of TENG is defined as:

280 Em

FOMg =— s
ST 52 AXmax

(5)

where ¢, is the vacuum dielectric constant. The quality
factor of this structure represents TENG's quality from
the perspective of structural design. To sum up the per-
formance index FOMp of TENG is defined as:

E
F%@:HMyﬁ:h%;. (6)

max

In this formula, ¢ is FOMy,, it only depends on the
materials themselves. Because it is related to the maxi-
mum possible average output power and energy conver-
sion efficiency, but has nothing to do with the mode and
size of TENG, this performance quality factor can be used
as a unified standard for evaluating different TENG.

2.3 | Pyroelectric nanogenerator
In general, the conversion of thermal energy into electri-
cal energy utilizes the Seebeck effect,'”>'** a phenome-
non in which the temperature difference between two
dissimilar conductive materials produces a potential dif-
ference and drives electron flow, generating electricity.
However, under normal circumstances, temperature dis-
tribution in the same environment often has spatial con-
sistency, and the temperatures of materials are basically
the same. Over time, there is essentially no temperature
gradient between these objects. In this case, the Seebeck
effect does not apply. Unlike the Seebeck effect, the pyro-
electric effect derives from a change in polarization inten-
sity due to temperature change in an insulating material
with spontaneous polarization, producing equal and
opposite charges at both ends of the material, which
overcomes the limitation of the Seebeck effect. The pyro-
electric nanogenerator'®-'#? is a nanodevice that converts
thermal energy generated by temperature variations into
electrical energy utilizing the pyroelectric effect.'®*"18¢
The operating mechanism of the pyroelectric nan-
ogenerator can be generally divided into two types: one
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FIGURE 8
nanogenerator at (A) constant temperature, (B) heating and (C)

Operating principle of the pyroelectric

cooling conditions. Reproduced with permission.'®” Copyright
2012, Wiley-VCH Verlag GmbH

relies on the basic pyroelectric effect and the other on the
secondary pyroelectric effect. Figure 8 illustrates the gen-
erating mechanism of the pyroelectric nanogenerator.”®
The basic pyroelectric effect is used to describe how to
generate electric charge without tension. This effect is
important for most pyroelectrics and is primarily related
to the random oscillation of the electric dipole near the
equilibrium axis induced by heat. This random oscillation
increases with the increase in temperature. This effect is
very important for most ferroelectric materials, which is
mainly related to the random oscillation of the electric
dipole.

When the temperature is in a fluctuating state, the
amplitude of the random oscillation of the electric
dipoles along their respective adjusting axes changes
within a certain range, thus current output is generated.
If the temperature is constant, the total average spontane-
ous polarization intensity of the electric dipole inside the
material remains constant, and there is no charge trans-
fer and no current output. When the temperature of the
pyroelectric nanogenerator increases with time, the elec-
tric dipoles inside the material undergo large-scale exten-
sion oscillation near their respective adjusting axes,

which correspondingly reduces the total average sponta-
neous polarization intensity and the amount of electric
charge induced on the electrodes, thus causing electron
transfer.

In contrast, when the pyroelectric nanogenerator
temperature decreases with time, the electric dipoles
inside the material oscillate within the extension angles
of the smaller levels of their respective equilibrium posi-
tions, resulting in an increase in the total spontaneous
polarization intensity and in the amount of charge
induced on the corresponding electrodes, driving electron
flow in the reverse direction to generate reverse current.

The second type is described using the secondary
pyroelectric effect: for wurtzite structure materials, the
main driving force for electron transfer is the piezoelec-
tric potential difference caused by thermal deformation
along a cross-section of the material. The pyroelectric
nanogenerator's current output is proportional to the
thermal deformation and piezoelectric coefficient of the
material, and can be expressed by the following formula:

[=pA(dT/dt), (7)

where p represents the pyroelectric coefficient,
A represents the friction layer area of the nanogenerator,
and dT/dt represents the temperature change rate.

For the convenience of analysis and comparison,
Table 1 briefly summarizes the mechanism, advantages
and disadvantages and applications of the above three
types of nanogenerators.

In addition, due to the advantages of high current,
high durability and high efficiency under high frequency
trigger, the current energy conversion system is still domi-
nated by electromagnetic generators; however, electro-
magnetic power generation devices are large in size and
complex in structure, which makes it difficult for them to
meet the development needs of miniature electronic
devices. Nanogenerator is a brand-new microenergy con-
version device. Unlike electromagnetic generator, its
power generation mainly depends on the material's own
characteristics rather than electromagnetic induction law
and electromagnetic force law (Table 2) provides a com-
parison of the mechanism, advantages and disadvantages
between electromagnetic generator and triboelectric nan-
ogenerator. It can continuously collect various discrete
mechanical energy in the environment (such as wind
energy, sound wave energy, raindrops, water waves,
mechanical vibration, rotation, rolling, human motion,
even breathing and heartbeat, etc.), realize high-efficiency
energy conversion triggered by low-frequency machinery,
and convert these energies into electric energy to drive
electronic equipment, which is expected to solve the prob-
lem of sustainable power supply for electronic equipment.
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TABLE 1
Types of
nanogenerators Working mechanism Advantages
PENG Piezoelectric effect and Easy to shrink to nanometer
electrostatic induction level
TENG Triboelectric effect and High voltage output, high
electrostatic induction efficiency at low frequency,
low cost, low weight, simple
structure, and wide selection
of materials
PYyENG Pyroelectric effect High sensitivity, fast response
rate, and easy
miniaturization
TABLE 2 Comparison of mechanism, advantages, and

disadvantages between electromagnetic generator and triboelectric

Disadvantages

Low output and
low efficiency

Low durability and
high impedance

Low output and
low efficiency

Comparison of mechanism, advantages, disadvantages, and application among three types of nanogenerators

Applications

Sonar system, meteorological
detection, smart wear, and
health diagnosis

Smart wear, health diagnosis,
environmental detection,
and human-computer
interaction

Infrared thermal imaging,
flame detection,
temperature detection, and

nanogenerator
Electromagnetic Triboelectric
Types generator nanogenerator
Working Electromagnetic Triboelectric effect
mechanism induction and electrostatic
induction 3 1
Advantages High current, low High output
voltage efficiency under
High output low frequency
efficiency under trigger
high frequency High voltage, low
trigger current
High durability and Low cost, low
long service life density, and low
weight
Simple structure
Multiple working
modes
Diverse material
selection
Sensor applications
Disadvantages Low impedance High impedance
Heavy weight and Low durability
high density
High cost

At the same time, nanogenerators are small in size, light
in weight, simple to manufacture and not limited by fixed
structures, and can be easily integrated with various
microelectronic devices through different structural
designs, which makes nanogenerators have great develop-
ment potential in the future application of intelligent and
implantable electronic devices. More importantly, the
nanogenerator has low cost, easily available raw mate-
rials, and will not damage the environment in the

laser detection

working process. It is an environment-friendly device that
can be applied on a large scale. At present, it has made
great achievements in smart wear, health diagnosis, envi-
ronmental detection and human-computer interaction,
and has broad application prospects.

NANOGENERATOR
APPLICATION IN BIOMEDICAL
SENSORS

With the rapid development of, sensors have been widely
used. With the rapid development of information industry
in various countries, sensors have widely used, for exam-
ple, industrial production, ocean exploration, human-
computer interaction, environmental protection, smart
home, medical diagnosis, and bioengineering. As a new
power generation technology, nanogenerators effectively
harvest micro-biomechanical energy generated by human
motion, muscle activity, heartbeat, respiration, and arte-
rial contraction. Thus, nanogenerators can be used
directly in biosensors to convert biological signals into
electrical signals. For example, wearable nanodevices can
be used outside the human body to collect gait, respira-
tion, facial expression, and other information, and an
implantable nanogenerator can be used to detect informa-
tion such as heart rate and blood sugar.'®®'®® Table 3
summarizes some applications of nanogenerators in bio-
medical sensors. The application of nanogenerators in
biosensors provides a new and effective method of medi-
cal diagnosis*®®'*® and disease treatment.?*>*"

Among the three kinds of nanogenerator, PENG and
TENG are far more used in biomedical sensors than
PyENG, because PyENG works based on pyroelectric
effect and only responds to the detected temperature, so
it can only be used as a temperature sensor. And the
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TABLE 3 Performance and application of nanogenerators as biomedical sensors
Nanogenerator Nanogenerator Monitored
Sensor type type Materials size (cm?) Output performance parameters  Working principle References
Body fluid PENG Agarose and BaTiO; 3x3 Voc: 80 V; Isc: 285 nA Cysteine Cysteine binds to the film, 190
detection nanoparticles (experimental test) increasing its surface
negative charge
PENG BaTiO; nanoparticles and 2.5 x 2.5 Voc: 5 V; Isc: 900 nA Glucose Glucose molecule acts as 191
PVDF film (experimental test) an electron donor to the
BTO NPs film
Pulse sensor TENG Nanostructured Kapton thin 2 x 1 Voc: 1.52 V; Isc: 5.4 nA Pulse TENG converts human 192
film and nanostructured (radial arteria) pulse biomechanical
Cu film signal into electric signal
Respiratory sensor TENG Cu-coated polyethylene 6 x4 Voc: 4.98 V; Jsc: 15.50 mA/ Respiratory TENG stretches/releases as 193
terephthalate warp yarns m~? (the t-TENG was rate and the chest cavity expands/
and polyimide-coated weft tapped at 10 cm/s) depth contracts
yarns
PYyENG A metal coated PVDF film 35x 3.5 Voc: 42 V; Isc: 2.5 pA (normal Respiratory A temperature fluctuation 194
breathing drives PyENG at rate induced change of
5°C) polarization will
generate potential
between electrodes due
to pyroelectric effect
Multiple TENG-PENG PDMS, PVDF, and silver 3x35 TENG-PENG: Voc: 55 V; Breath, pulse, Physiological signals were 195
physiological and PyENG nanowires PyENG: Vc: 86 V swallowing captured by TENG-
signal (experimental test) and neck PENG, and pyroelectric
monitoring tilting effects caused by
temperature fluctuations
are captured by PENG
Auditory sensor TENG Kapton film and aluminum  11.1 x 5 n.a. Acoustic Triboelectric effects convert 196
foil stimuli an acoustic stimulus to
electricity
Endocardial TENG Nano-polytetrafluoroethylene 1 x 1.5 x 0.1 Voc: 045 V; Isc: 0.2 pA Endocardial TENG can convert the 197
pressure sensor film and Al foil (maximal pressure of pressure energy of blood flow

within the heart
chambers into electricity

350 mmHg)

Abbreviations: Isc, short-circuit current; PDMS, polydimethylsiloxane; PVDF, polyvinylidene difluoride; V¢, open-circuit voltage.

temperature of human body is almost constant, which
basically eliminates the possibility of PyYENG as the sen-
sor power supply. PENG and TENG are widely used com-
pared with PyENG, because the influence of body fluid
on piezoelectric or triboelectric materials will lead to the
change of nanogenerator output, so the concentration of
body fluid can be detected. In addition, the influence of
force on PENG and TENG will also lead to the change of
nanogenerator output, so it can monitor various mechan-
ical movements of human body (breathing, pulse, heart-
beat, swallowing, blood pressure and body movement,
etc.). At the same time, various mechanical movements
of human body make PENG and TENG have continuous
electrical output, so they can be integrated with various
biomedical sensors as power sources to continuously sup-
ply power to the sensors.

3.1 | Power supply for self-powered
systems

Cysteine is an essential glucogenic amino acid in the
human body.***** It is involved in detoxification, prevents

radiation injury, skin whitening, reduces inflammation,
dissolves cutin, and prevents aging. The cysteine concentra-
tion level in the human body is important; however, the
current detection method requires sophisticated instru-
ments and is complex and tedious. Recently, this process
was simplified by developing a self-powered cysteine sensor
powered by a PENG fabricated from agarose biopolymer
and BaTiO; nanoparticles with good biocompatibility.'*°

The cysteine sensor based on agarose/BaTiO;-NH,
films and a TENG comprised of BaTiOz/agarose film are
electrically connected (Figure 9A,B). Current versus
potential (I-V) technology is used to test the performance
of the cysteine sensor based on the AG/BT-NH, film.
Phosphate buffer solution containing different cysteine
concentrations was measured (Figure 9C).

The inset in Figure 9C is an enlarged portion of the
measurement curve at a potential of —4 V, which indi-
cates that the increase in current is linearly related to the
cysteine concentration. The corresponding calibration
plot is presented in Figure 9D. To test the anti-
interference performance of the proposed sensor, urine
samples of different concentrations (10-500 pM) were
measured, and the results are presented in Figure 9E.
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FIGURE 9 Self-powered cysteine sensor driven by a piezoelectric nanogenerator unit of BaTiOs/agarose film. (A) Cysteine sensor based

on agarose/BaTiO;-NH, film. The BT represents the BaTiO;. The NPs denotes nanoparticles. (B) The scheme of PENG device based on
BaTiOs/agarose film. (C) Current versus potential curve of the cysteine sensor under phosphoric acid buffer solution containing different
cysteine concentrations in the potential range from —4 to +4 V. The inset is magnified region at a potential range from —4 to —3.5 V. (D)
Correlation between current and cysteine concentration. (E) The current versus the concentrations of urine. The inset is an enlarged portion
at a potential of —4 to —3.5 V. (F) The output current against the concentration of cysteine. Reproduced with permission.'*® Copyright 2016,

Elsevier B.V

The inset in Figure 8E is an enlarged portion of the
measurement curve at a potential of —4 V. The increase
in current is also linearly proportional to the cysteine
concentration (Figure 9F), which is consistent with the
measurements in the phosphate buffer solution. In addi-
tion, various interfering substances, for example, histi-
dine, glutamine, were tested during the experiment, and
the sensor response was almost zero, indicating that the
sensor has good anti-interference performance. Finally,
the cysteine sensor based on Ag/BT-NH, film and the
BT/AG PNG were integrated in parallel to test the perfor-
mance of the entire self-powered sensor. When the
concentration of cysteine rises, the voltage of the self-
powered sensor showed a monotonic decreasing ten-
dency, indicating good cysteine concentration detection
performance.

A self-powered glucose sensor has been proposed
based on BaTiO; nanoparticles driven by a power source
of PENG.'"! The electrical connection is presented for the
glucose sensor based on a film of BaTiO; nanoparticles
and a PENG based on a PVDF/BaTiO; nanocube film
(Figure 10A).

To accurately evaluate the performance of the designed
sensor, I-V curve, current versus time (I-t curve), and

anti-interference (galactose and UA) analyses were per-
formed. From Figure 10B-D, the current exhibits an
increasing tendency with increase in the glucose concentra-
tion, and the sensor shows good response characteristics.
Furthermore, the response of the sensor to interfering sub-
stances (galactose and UA) is almost negligible, demon-
strating good anti-interference performance. In addition,
the voltage decrease in the integrated self-powered sensor
also shows a good functional relationship with the glucose
concentration of the solution (Figure 10E). These results
indicate that the proposed self-powered sensor has good
detection performance for glucose.

3.2 | Wearable biomedical sensor

Cardiovascular diseases are a common and very serious
threat to human health,?*>% with a characteristically
high prevalence, disability, and mortality rate. Approxi-
mately 17.5 million people die every year from cardiovas-
cular diseases worldwide. However, researches show that
90% of cardiovascular diseases can be prevented (research
results indicate that approximately 90% of all sudden
patient deaths occurred outside the hospital, and
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FIGURE 10

Self-powered glucose sensor driven by a piezoelectric nanogenerator of PVDF/BaTiO; nanocube film. (A) Glucose sensor

based on BaTiO; thin films (right), and a power unit of PENG based on PVDF/BaTiO; nanocube films (left). (B) Sensor response for
solutions of different glucose concentrations. The time dependent current curves for sensors in (C) low and (D) high glucose concentration

ranges. (E) The output voltage of the self-powered sensor and the concentration of glucose solution. Reproduced with permission.

Copyright 2016, Elsevier B.V

resuscitation failed due to failure to access timely medical
treatment).

A flexible self-powered ultrasensitive pulse sensor
(SUPS) based on triboelectric active sensors can monitor
physiological information related to cardiovascular dis-
eases in real time.'”> The design of such a pulse sensor
(Figure 11A) comprises two nanostructured friction
layers (Kapton and Cu layers), a Cu electrode layer, and
a polydimethylsiloxane (PDMS) substrate.

This device can be regarded as a vertical contact-
separation mode TENG. Thus, to test the reliability and
accuracy at pulse wave monitoring, SUPS, piezoelectric
pulse transducer (PPT), and photoplethysmograph (PPG)
results were compared with those of an electrocardio-
graph (ECG). The synchronization between the SUPS
and the ECG (ECG100C) is higher than with the PPT
(HK2000A) and PPG (TSD270B) (Figure 11B). Therefore,
the SUPS has a higher accuracy for pulse wave monitor-
ing. To test the diagnostic efficacy of the SUPS on cardio-
vascular diseases, heart rate variability changes between
the pulse waveform and heartbeat of healthy people. And
different cardiovascular disease patients were evaluated
and compared. The results show evident differences
between healthy groups, unhealthy groups, and between
different healthy groups, demonstrating that the SUPS

191

provides good diagnostic and differential diagnostic
capability.

Because of the high accuracy of the SUPS, it may be
advantageous for pulse wave velocity (PWV) measure-
ment. Therefore, PWVs of 24-year-old male adults before
and after jogging 500 m were measured (Figure 11C).
Changes in the measured PWV values are equivalent to
those measured using a practical tonometer under the
same conditions, indicating that the SUPS can sense
PWV changes. Finally, the signal output of different
artery positions in the human body (Figure 11D and
pulse changes during different human activities (Figure
11E) was measured. The results show excellent monitor-
ing and diagnostic performance of the SUPS (Fig-
ure 11F).

Sensor and wearable electronics technologies have
rapidly developed with the advances of textile materials.
Indeed, textile materials are the main component of daily
wear articles such as clothes, belts, and various orna-
ments. Thus, wearable sensors of different textile mate-
rials have been reported.*' %2

A machine-washable textile TENG (t-TENG) has been
developed for effectively monitoring human respira-
tion.'"”> The designed t-TENG (Figure 12A) is woven
directly from copper-coated polyethylene terephthalate
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FIGURE 11 Flexible SUPS based on triboelectric active sensors (the carotid artery, the brachial artery, the radial artery, the finger).

(A) Structural diagram showing the SUPS design. (B) Pulse wave monitoring comparison. (C) PWV measurement test. (D) Signal output at
different artery positions in the human body. (E) Pulse changes during different human activities. (F) Photograph of the designed SUPS.
Reproduced with permission.'®> Copyright 2017, Wiley-VCH Verlag GmbH

(Cu-PET) warp yarn and polyimide-coated Cu-PET (PI-
Cu-PET) weft yarn.

Figure 12B presents a photograph of the final t-TENG
(each overlapping point of the designed t-TENG is a min-
iature TENG), and Figure 12C presents a cross-sectional
scanning electron microscopy (SEM) image of the
t-TENG. The PI of the PI-Cu-PET weft yarn is the friction
layer, and the Cu layer serves as the electrode. The Cu of
the Cu-PET warp yarn functions as both friction layer
and electrode. As the oval contact area of the overlapping
point (Figure 12D) changes, the t-TENG generates cur-
rent. To test the performance of the designed t-TENG in
respiratory monitoring, a t-TENG wearable chest strap
was fabricated and worn on a human chest for respira-
tory data collection (Figure 12E). Figure 12F presents the
actual measured respiratory signals, with a clearly visible
complete respiratory cycle.

By processing the original recorded signals, and a sine
wave shape was obtained (Figure 12G). Subsequently,

tests were performed for different respiratory modes
(deep, shallow, fast, and slow). The original recorded
signals are presented in Figure 12H, and the different
responses of the t-TENG to the four respiratory states are
clearly observable. Finally, the washability of the
designed t-TENG was tested. After 20 repeated standard
washings, the Cu-PET yarn had no apparent cracks,
demonstrating high reliability. The success of this new
t-TENG indicates the potential of textile materials in the
field of healthcare.

The energy source of a self-powered wearable sensing
system primarily derives from human activity and the
host environment. The thermal energy, generated via the
thermoelectric effect, is considerably abundant in daily
life as a good self-powered energy choice. With the devel-
opment of the pyroelectric nanogenerators, this concept
has attracted great attention.*'>">"°

A wearable PyENG based self-powered respiratory
sensor has been proposed for harvesting respiratory
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Machine-washable t-TENG. (A) Manufacturing process for the t-TENG. (B) Photograph of the final t-TENG. (C) Cross-

sectional SEM view of the t-TENG. (D) Each overlapping point of the t-TENG forms a miniature TENG. (E) Wearable t-TENG chest strap
worn across a human chest. (F) Raw measured respiratory signals. (G) Waveform obtained after processing the original signals. (H) Test

responses for different breathing patterns. Reproduced with permission.'** Copyright 2016, Wiley-VCH Verlag GmbH

energy, respiratory detection, and ambient temperature
detection."® The PyENG (Figure 13A) has a three-part
structure: one PVDF film as a thermoelectric material
and two Al films as the top and bottom electrodes. A self-
powered wearable respirator is obtained with the installa-
tion of a PYENG on a N95 respirator (Figure 13A).

When the self-powered wearable respirator operates,
breathing causes dynamic changes of temperature at the
point in front of the mouth, reaching changes in the order
of 12°C. This temperature change drives the PyENG, with
the maximum open-circuit voltage and maximum short-
circuit current reaching 42 V and 2.5 pA, respectively.

The respiration leads to a periodic temperature
change in the PVDF film, which causes periodical
changes in the polarization density of this film and
induces an alternating current. For example, the electri-
cal signals of different respiratory states measured using

the designed self-powered respiratory sensor are clearly
distinguished (Figure 13B,C). The output of the PYENG
also exhibits a good linear relationship with the ambient
temperature (Figure 13D), except during the breathing state.
In addition, the PyENG can charge a 10.0 pF capacitor to 1
V (Figure 13E) within 18 s after simple rectification, and it
can also directly provide continuous power for electronic
watches (Figure 13F, i) and light up eight LEDs (Figure
13F, ii). Thus, the wearable self-powered respiration sen-
sor is expected to integrate energy harvesting, respiration
monitoring, and temperature detection, and the device
shows good development potential.

Furthermore, nanogenerators with hybrid structures
have been manufactured to improve outputs. However,
most of these hybrid nanogenerators'®**'®*'” have com-
plex structure and poor flexibility, which considerably
limits their application in wearable devices.
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A tribo-piezo-pyroelectric hybrid nanogenerator'®> has
been designed for simultaneously harvesting mechanical
and thermal energies. The nanogenerator can be attached
to different points on the human body for real-time moni-
toring of human vital signs such as respiration, heartbeat,
and body temperature.

The structure of the designed hybrid nanogenerator
(Figure 14A) consists of a PVDF nanofiber piezoelectric
layer fabricated via electrospinning, a high-performance
transparent electrode (TE) with nanowires drawn in a leaf
venation (LV) pattern on both surfaces, and a PDMS film
encapsulation layer as the outermost layer. The PDMS
film on the bottom layer of the device also serves as a fric-
tion layer when contacting human skin. Figure 14B pre-
sents a photograph of the designed hybrid nanogenerator
mounted on the wrist.

The transparent electrodes of leaf venation-like nano-
wires were prepared via modified dry transfer printing tech-
nology using a skeleton of leaf venation as a mold, with 0.1
ml volume of prepared Ag nanowire solution used to
achieve an LV nanowire transparency of approximately 99%
(Figure 14C). The generator can harvest mechanical energy
from the human motion because of the coupling effect of
triboelectric and piezoelectric mechanisms. In addition, the
thermoelectric effect can overcome temperature fluctuations
between the human body and the surrounding environ-
ment, and, consequently, the generator can also harvest

thermal energy. The operating mechanism is presented in
Figure 14D. Due to periodic pressure on the surface of the
hybrid nanogenerator, the two friction layers (human skin
and PDMS film) of the TENG constituent continuously con-
tact and separate, while the PENG constituent continuously
undergoes a deformation and recovery process, enabling
both the TENG and PENG operations to harvest mechani-
cal energy during the pressure and release process.

The instantaneous open-circuit voltages of the TENG-
PENG and PyENG are 55 and 86V, respectively. The
designed hybrid nanogenerator was fixed at different
points on the human body to monitor different vital signs
in real time, including pulse (Figure 14E), swallowing
(Figure 14F), body temperature (Figure 14G), cough
(Figure 14H), and respiratory state (Figure 14I). Further-
more, when the hybrid nanogenerator is placed on a res-
pirator, thermal energy can be harvested via a PyENG
operation due to the temperature gradient created by the
difference between the respiration and the ambient tem-
perature. The device shows considerable development
potential in medical diagnosis and healthcare monitoring.

3.3 | Implantable biomedical sensor

According to the World Health Organization (WHO),
466 million of people (including 34 million of children)
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TE. (D) Operating mechanism of hybrid nanogenerators used for monitoring of different human vital signs, including (E) pulse,
(F) swallowing, (G) body temperature, (H) coughing, and (I) respiratory state. Reproduced with permission.'*> Copyright 2018, Elsevier Ltd

suffer from hearing loss, which represents 5% of the
global population.?'® Predictions indicate that this num-
ber will increase to more than 900 million by Year 2050,
which is equivalent to 10% in human population. At pre-
sent, hearing problems have become a key health issue.
When the hearing loss is severe and hearing aid assisted
hearing is suboptimal, a cochlear implant becomes the
only option for hearing reconstruction. However, the
cochlear implant currently has many disadvantages, for
example, it is inconvenient during daily activities such as
bathing, swimming, and sleeping, requires frequent
charging, and has high cost. These challenges result in
reluctance to consider the cochlear implant, despite its
extensive use in clinical solutions.

A triboelectric-based artificial basilar membrane
(TEABM) can simulate the topology of the cochlea and

has low cost, simple manufacture, and is self-powere

d 196

The designed TEABM (Figure 15A) is composed of eight
TENGs in a beam structure. Here, the Kapton film and
Al foil work as the friction layers of different lengths and
widths. A photograph of the TEABM device shows its
eight-beam channel structure (Figure 15B) and its power
generation process is presented (Figure 15C). When stim-
ulated by sound waves, the two friction layers contact to
generate frictional charges. When the sound waves disap-
pear, the two friction layers rebound. Due to the differ-
ence in the Young's modulus of the two materials, a gap
appears between them in the rebound process, generating
a potential difference that drives current through an

external load. After the maximum gap is reached, the two
materials fall until they contact again, during which the
charge flows in reverse.

To verify the response of the artificial basilar mem-
brane to sound, the displacement and open-circuit volt-
age of its fourth channel were tested (Figure 15D,E). The
maximum peak value at 669 Hz reflects the resonant fre-
quency of the channel, and the inset is the applied sound
input. The open-circuit voltage test results show a maxi-
mum peak value at 669 Hz (Figure 15F,G). It has been
proved that the fabricated TEABM has a good response
to sound. The designed TEABM was also analyzed using
Hartley guinea pigs. The experiment (Figure 15H) tested
the second channel of the TEABM at 1340 Hz (resonant
frequency of channel 2). The recorded evoked auditory
brainstem responses under 85 dB acoustic stimulation
are presented in Figure 151, and the positive and negative
peaks (P2 and N1) are clearly visible. The recording of
evoked auditory brainstem response with a sound pres-
sure level of 70-85 dB shows that the average amplitude
of N1-P2 increases with increase in the input sound pres-
sure level (Figure 15J). Therefore, triboelectric artificial
basilar membrane can convert sound stimulus into elec-
trical voltages to induce auditory evoked potentials in
deaf animal models.

Heart failure refers to a dysfunction in the heart's sys-
tolic and diastolic functions, such that the venous return
blood volume from the heart cannot be fully discharged,
resulting in venous system blood stasis and insufficient
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blood perfusion in the arterial system. This results in car-
diac circulation disorder, a disorder syndrome primarily
manifested as pulmonary and vena cava congestions. Heart
failure is a major public health problem®'*"**' that affects
thousands of people around the world and forces many
people into a vicious circle of hospitalization, discharge,
and readmission. Some cardiologists classify this disease as
an epidemic due to its lack of control. Approximately
26 million people are estimated to suffer from heart failure
worldwide, and this number is expected to continuously
increase in the coming decades as the population ages.

Change in endocardial pressure is an important
parameter for evaluating cardiac function and thus has
critical clinical significance for patients with heart failure
and impaired cardiac function. A small, flexible, self-
powered endocardial pressure sensor based on TENG'®’
has minimally invasive implantation (Figure 16A).

The structural schematic diagram of such a sensor is
presented (Figure 16B). A PTFE film is the friction layer,
an Au layer deposited on a back surface serves as an elec-
trode layer, and Kapton film on the back surface of the
Au layer serves as a flexible substrate. An Al foil func-
tions as a second friction material and as the electrode

material. PTFE and PDMS constitute the outer packag-
ing, and a three-dimensional (3D) ethylene-vinyl acetate
(EVA) copolymer film is the spacer layer between the
two friction layers.

Hundreds of millions of cycles of experiments have
been performed in a physiological saline environment to
study the durability of the designed SEPS, and the results
show that the output state of the SEPS remained stable.
The encapsulation layer of the SEPS was tested to verify
the compatibility between the SEPS and blood. The test
shows that the designed encapsulation layer of the SEPS
has an average hemolysis rate (1.08%) far lower than the
required in the standard set by the International Stan-
dard Organization (5%), and also has no influence on the
cell morphology of red blood cells. The SEPS was tested
at different pressure levels in a closed chamber to evalu-
ate its pressure response. The voltage of the SEPS is pro-
portional to the pressure (Figure 16C), showing good
sensitivity (Figure 16C slope inset).

Eventually, to evaluate the actual monitoring perfor-
mance in the human body, an adult male Yorkshire pig
(40 kg) was used in verification experiments. Because
most heart failure cases start with left heart failure, the
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designed SEPS was implanted in the left ventricle and left
atrium of the pig for testing. First, the SEPS was
implanted in the left ventricle of the pig (Figure 16D). A
comparison of data on the SEPS with ECG and femoral
arterial pressure (FAP) signals are presented in different
active states (Figure 16E). This indicates that the operat-
ing signals of the SEPS have good output stability and
exhibit the same tendency as those of the FAP. The SEPS
was then implanted in the left atrium of the pig, and the
SEPS data was also compared with ECG and FAP data.
The SEPS was able to capture even relatively small
changes in the left atrial pressure (LAP), and the mea-
sured signal change was almost completely synchronized
with the ECG and FAP signals (Figure 16F). These exper-
imental results indicate that the designed SEPS has good
reliability, biocompatibility, and sensitivity, and can be
used for monitoring intracardiac pressure.

4 | APPLICATION OF THE
NANOGENERATOR IN BIOMEDICAL
THERAPY

The increasing research in nanogenerators and biomedi-
cal equipment provided an increase in the application of

nanogenerators in the biomedical field. The rapid develop-
ment of nanogenerators was observed for applications in
biomedical sensors and also in biomedical treatment.?** At
present, nanogenerators exhibit considerable potential for
power supply in biomedical devices,****> promotion of cell
proliferation and differentiation,”*****> drug delivery,*****’
and direct electrical stimulation.”***** Table 4 summarizes
some of the direct applications of nanogenerators for bio-
medical treatment.

41 | Power supply

Microspheres, due to their simple structure, are widely
used in biomedicine, for example, injection therapy, 3D
cell culture, and drug carriers. The construction of minia-
ture organs using microspheres has become a focus of
research.”** Two major problems need to be solved in the
construction of mini-tissue from microspheres: obtain a
bio-hydrogel with excellent biological properties and
develop a quantifiable and stable production process
based on the hydrogel. At present, there are two main
technologies for producing microspheres, that is, air-jet
stream®® and electro-assisted printing method.*** The
air-jet method is cheap and easy to master. However, the
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TABLE 4 The performance and application of nanogenerator for biomedical treatment
Medical Nanogenerator Nanogenerator Monitored
applications types Materials size Output performance parameters Working principle References
Electro-assisted TENG PVC films and nylon 30 x 30 cm Voc: 4kV Power the cell ~ Use the high voltage generated by 230
cell printing Isc: 80 pA solution in TENG to drive cell printing
The input frequency is 40 Hz vitro
(experimental test)
Transdermal drug TENG PTFE and Al 15 x 15 cm Voc: 4V Drug patches The output of TENG accelerate the 227
delivery (TDD) Isc 12 pA TDD rate
The input frequency is 2 Hz
Cell TENG Al and PDMS 1 x 2.5cm Voc: 30V Cell culture TENG produces electrical stimulation 231
reprogramming Isc: 280 nA substrate to facilitate direct cell conversion
The input frequency is 1 Hz
Cardiac PENG A single crystalline 1.7 x 1.7cm Voc: 82V A rat heart PENG generates electrical energy via 232
pacemaker PMN-PT thin film Isc: 145 pA periodic bending/unbending cycles
(a strain of 0.36%, a strain rate to stimulate the heart
of 2.3% s, and a frequency
of 0.3 Hz)
Deep brain PENG A single crystalline 1.7 x 1.7cm Voc: 11V The M1 cortex  The electricity harvested by PENG 228
stimulation PIMNT thin film Isc: 283 pA in the mouse directly stimulated a certain area
(a strain of 0.3%, a strain rate brain of the animal brain to induce
of 2.3% s, and a frequency corresponding body movements
of 0.32 Hz)
Bone remodeling  TENG Polydimethylsiloxane Not mentioned  Vpc: 115V Cell culture The SPLC system consisting of TENG 233

or orthodontic

(PDMS) and indium

Isc: 30 pA (experimental test)

substrate

and infrared laser excitation units

treatment tin oxide (ITO)

microspheres produced are usually large and uneven
(400-1200 pm), which is unsuitable for quantitative pro-
duction. Electro-assisted cell printing can produce mono-
disperse, bioactive microspheres with precise control of
distribution and size, thus being a suitable method for
quantitative production. However, the demand for high-
voltage power supply equipment makes the method rela-
tively expensive.

A simple, safe, and efficient triboelectric cell printing
unit (TCPU) was employed for 3D cell culture.>** Struc-
tural of the unit are presented (Figure 17A). The system
comprises a liquid supply device, a power supply, a volt-
age multiplier rectifier circuit (VMRC), and a basic print-
ing device. Because the power supply principle of the
designed TCPU is quite different from that of traditional
commercial high-voltage power supply, it is necessary to
study the influencing factors of microsphere printing.

The control variable method was used to study the
influence of CaCl, concentration, sodium alginate (NaAlg)
mass fraction, pump propulsion speed, motor speed, elec-
trode distance, and needle diameter on the diameter and
perfection of microspheres (Figure 17B). Subsequently,
appropriate parameters were selected based on the results
of previous experiments on factors influencing micro-
spheres, and HepaRG and HeLa cells were selected for 3D
cell culture experiments. Fluorescence staining images of
two-dimensional living (green) and dead (red) cells are rep-
resenting HepaRG cells (Figure 17C) and 3D HeLa cells
(Figure 17D). The 3D HeLa cells show good cell viability.
Finally, the cells in the printed microspheres were

accelerates cell proliferation and
differentiation

compared with unprinted cells suspended in bio-ink
(Figure 17E). Both the HepaRG and Hela cells had cell
survival rates higher than 92% in the printing experiment
for cell-loaded microspheres, and showed no significant
difference when compared with unprinted bio-ink suspen-
sion cells. The experimental results indicate that the TENG
can be well applied to electrically assisted cell printing and
subsequent biomedical applications.

Transdermal drug delivery (TDD) is a drug-delivery
method in which drugs are coated or applied on the skin
surface.”*”**® This method employs chemical, physical,
and pharmaceutical methods to enhance penetration of the
target drug through the skin to the relevant circulatory sys-
tem of the body to achieve the purpose of preventing or
treating a disease. With changes in the modern concept of
diagnosis and treatment, the emergence of this drug-
delivery method has created a new tendency, and it has
become the third largest drug administration method after
injection and oral administration. The transdermal admin-
istration route has the advantages of convenience, simplic-
ity, safety, lasting drug effect, absence of liver first-pass
effects, gastrointestinal tract inactivation, and reduction of
toxic and side effects.

However, transdermal drug delivery has limitations.
The most significant limitation is that the barrier effect of
the stratum corneum limits the transdermal absorption
of drugs, hindering the transdermal rate and penetration
amount to meet treatment requirements. Presently, vari-
ous technologies have been developed to facilitate and
enhance drug absorption through the skin,***** and
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penetration enhancement methods for transdermal drug
delivery have become the focus of research in the indus-
try.>**?** The commonly used penetration enhancement
methods include chemical, physical, and pharmaceutical
methods. Particularly, a growing number of industry
experts have focused on physical methods of enhancing
transdermal drug absorption.

According to experts, physical penetration enhancement
methods can precisely control percutaneous absorption by
controlling external forces, and can effectively expand the
types of drugs that can be used in transdermal drug deliv-
ery, specifically proteins and peptides. Consequently, several
new penetration enhancement technologies have emerged,
including iontophoresis, electroporation, ultrasonic intro-
duction, and microneedles. Iontophoresis can transfer
hydrophilic and charged molecules to various parts of the
skin and has been proved to be an effective method. This
method has been commercialized and often used in scien-
tific experiments, drug release and clinical diagnosis.

However, the large and expensive energy storage, power
supply demand, and complicated feedback control limit the
use of such electronic control patches.

A self-powered wearable iontophoresis based trans-
dermal drug-delivery system has been reported via bio-
mechanical motion sensing and energy harvesting for
closed-circuit motion detection and treatment.””’ This
transdermal drug-delivery system comprises a wearable
TENG, which can be used as a power supply, and a soft
patch that can be used as a drug carrier. The TENG can
be installed in different parts of the human body to har-
vest mechanical energy via various bodily movements,
and the soft patch is attached to the skin as the medicine
supply source. The two components are connected via
wires, and the electrical energy converted by the TENG is
used as a power supply to accelerate the drug-delivery
speed of the transdermal drug-delivery system.

To verify the feasibility of this scheme, an experiment
was conducted using a diffusion cell with four units
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separated by a cellulose membrane. The experimental
schematic diagram is presented in Figure 18A. First, the
effect of the direction of the electric field on the dye
transport rate was tested. The transport amount of rhoda-
mine 6G (R6G) and methylene blue (MB) in the receptor
cells significantly increased under direct voltage, but
decreased under inverse voltage (Figure 18B). Here, the
positive electric field accelerates the dye transport rate.
To further verify the actual performance of this scheme,
soft patch devices and a wearable TENG were designed.
The hydrogel-based drug soft patch device (Figure 18C)
contains two side-by-side hydrogel units and two carbon
cellulose electrodes embedded in a PDMS frame. In the
experiment, a poloxamer 407 hydrogel with reversible
sol-gel characteristics was applied. The gel can change
between liquid and semisolid state when the temperature
is close to its gel transition temperature (Figure 18D),
which makes poloxamer 407 hydrogel suitable for load-
ing drugs, provides good contact with the skin, and
makes it easily detachable.

The designed wearable TENG (Figure 18E) comprises
three TENG units with the same structure. Each TENG
unit has PTFE as a friction material, Al as friction mate-
rial and electrode, Kapton as a spacer, and PET as the

substrate. The designed wearable TENG has good output
performance. At 2 Hz, the maximum open-circuit voltage,
charge transfer per cycle, and maximum short-circuit cur-
rent were 1200V, 370 nC, and 20 pA, respectively.
Finally, the designed drug soft patch device and wearable
TENG were integrated for a transdermal drug-delivery
test on pigskin (Figure 18E). For an accurate evaluation
of the performance of the designed iontophoresis TDD
system driven by a TENG, a controlled test was conducted
under the same experimental conditions except for the
exclusion of the TENG drive. The results (Figure 18F)
clearly indicate that the drug delivery reaches deeper
parts of the skin when the device is driven by a TENG.

4.2 | Direct application in biological
therapy

Somatic reprogramming refers to a process in which dif-
ferentiated somatic cells are reversed to a pluripotent or
totipotent state, which is the basis of tissue repair, organ
reconstruction, and the development of individualized
regenerative medicine.**>*’ Somatic cell reprogramming
is primarily realized via nuclear transfer. However, other
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Self-powered wearable iontophoresis TDD system. (A) Schematic diagram of the experimental device using the diffusion

unit. (B) Influence of electric field direction on R6G and MB transport. (C) Schematic diagram of the structure of the drug soft patch
equipment. (D) Photographs of hydrogels of different dyes switching between fluid and semisolid states. (E) Diagram of experimental device
for TDD test on pigskin. (F) Fluorescence cross-sectional histological images of skin after R6G delivery from the patch with a TENG (i), and
with no TENG connected (ii). Reproduced with permission.**” Copyright 2019, WILEY-VCH Verlag GmbH
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methods can be used, such as the artificial introduction of
specific transcription factors into somatic cells.>>**>!
Dr. Yamanaka from Japan won the 2012 Nobel Prize in
Medicine or Physiology for this pioneering work. This
technology not only avoids the ethical debate provoked by
nuclear transplantation but also inspires positive expecta-
tions for cell therapy and regenerative medicine.

With lineage reprogramming, which is based on the
similar induced pluripotent stem cells (iPSCs) technology,
a specific type of somatic cell can be directly transformed
into another type of somatic cell without the iPSCs stage.
Fibroblasts are the most commonly used starting cells for
studying cell reprogramming as they are readily obtainable,
have abundant sources, and provide incomparable advan-
tages in iPSCs database construction and future clinical
applications. It has been proved that skin fibroblasts can be
directly reprogrammed into various types of somatic cells,
for example, myocardium, nerve, blood, liver, and endothe-
lium cells. Compared with the scheme of inducing iPSCs to
form and then directionally differentiate the stem cells into
target cells, the operation flow of lineage reprogramming is
relatively simple, and the risk of tumor formation from
undifferentiated cells is removed.

However, pedigree reprogramming also faces multiple
challenges. For example, the virus vector is currently the
most popular delivery method, but it is costly, misses the
target effect, and poses a carcinogenic risk to the human
body. Due to safety concerns, reprogramming methods
that do not rely on virus vectors have received growing
attention. The advantages of nonviral vectors are apparent
and primarily manifested as high safety, low toxicity, low
immune response, high vector capacity, good targeting,
and easy assembly. However, low transfer efficiency and
short duration of gene expression restrict its adoption in
genetic engineering.

A biphasic triboelectric stimulation (TES) platform
has been established for realizing efficient nonviral direct
transformation of primary mouse embryonic fibroblasts
(PMEFs) into neuron cells.?*' The cell culture medium
was directly connected to a TENG (Figure 19A), and the
electrical signals generated by the TENG stimulated the
fibroblasts to accelerate their conversion into functional
neuron cells.

The microstructures of the nanogenerator are briefly
introduced (Figure 19B). A micro-column structured
PDMS layer is adhered to a Kapton film. A Cu layer
adhered under the Kapton film is used as the friction
material and the bottom electrode. And an Al film simul-
taneously functions as the friction material and the top
electrode. A triboelectric stimulator can be used as a self-
powered biphasic electric stimulator to promote direct
cell transformation because the contact and separation
processes of the two friction materials generate currents

in opposite directions. To test the reliability of the TES,
its cyclic stability and variable contact frequency was
tested. There was no apparent change in the output of tri-
boelectric stimulator for 1800 s of cyclic contact, and the
triboelectric stimulator maintained a stable voltage out-
put at different contact frequencies (0.5-3 Hz).

Experiments show that the triboelectric stimulator
has good output stability. Four groups of experiments on
PMEF producing induced neuronal (iN) cells were con-
ducted using the controlling variable method.

The conversion efficiency on the 9th and 12th-14th
days are presented in Figure 19C, with NT < TES < BAM
< BAM/TES groups. After the 14th day of the experiment
with the four experimental groups, the cells in the
BAM/TES group showed apparent neuronal morphology
(Figure 19D), indicating that exposing the cells to a tribo-
electric stimulator environment can accelerate cell transfor-
mation. To verify the feasibility of direct cell transformation
in vivo, a cell transformation experiment was performed on
mice. Mouse dermal fibroblasts were directly transformed
into induced neuronal cells in vivo.

The experimental process is illustrated in Figure 19E.
On the 14th day, an anti-Tujl antibody was employed for
the immunostaining of skin tissue sections of mice in the
NT, EGFP, BAM, and BAM/TES groups. A triboelectric
stimulator does promote the nonviral production of
induced neuronal cells, proving their good adaptability to
an in vivo environment (Figure 19F). This study demon-
strates the feasibility of combining nonviral direct trans-
formation and TES, and has significant medical value.

A pacemaker is an electronic therapeutic instrument
implanted in the body. Because drug therapy for the treat-
ment of arrhythmia diseases such as bradycardia is often
accompanied by significant side effects, it cannot be used
for a protracted period. Furthermore, these diseases are
incurable. Thus, pacemaker implantation has become a
radical yet effective treatment for bradycardia, that is, an
arrhythmia typified by slow heart rate. With develop-
ments in microelectronics since the invention of the pulse
generator, cardiac pacemakers have been continuously
improved, resulting in increased complexity in their elec-
tronic components and considerable reduction in size.

However, the battery capacity is usually relative to the
size of the pacemaker. Although small-sized pacemakers
bring convenience to surgery, their battery capacity is
small and the lifespan of the pacemaker is commensu-
rately short.>>>?>* Clinically, most cardiac pacemakers are
replaced because the pacemaker's battery is depleted and
cannot provide sufficient drive current to maintain nor-
mal operation of the pulse generator. Thus, using small
pacemakers increases the number of replacements and
the probability of infection. An independent study shows
that the probability of infection during pacemaker
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FIGURE 19 A biphasic triboelectric stimulator platform can be used to directly and efficiently transform primary mouse embryonic
fibroblasts into induced neuronal cells. PBAE denotes poly(p-amino ester). (A) Schematic diagram of triboelectric stimulator device for
realizing direct nonviral transformation. (B) Structural diagram of the designed TENG. (C) Conversion efficiency of primary mouse
embryonic fibroblasts on Day 9 and Days 12-14. (D) Fluorescence staining of cells in the four experimental groups after the 14th day of the
experiment. (E) Schematic diagram of the experimental process of the mouse cell transformation experiment. (F) Immunostaining of skin
tissue sections of mice in the NT, EGFP, BAM, and BAM/TES groups on Day 14 using anti-Tujl antibody. NT denotes not transfected. EGFP
denotes enhanced green fluorescent protein. BAM is the abbreviation for three neuronal transcription factors Brn2, Ascll, and Myt1l. TES
denotes triboelectric stimulation. BAM/TES group stands for the transfection of primary mouse embryonic fibroblasts with BAM
transcription factors-expressing plasmids and their subsequent maintenance in neuronal induction medium and exposure to TES.
Reproduced with permission.?*! Copyright 2016, Wiley-VCH Verlag GmbH

replacement is three times higher than during initial
implantation. A long battery life can significantly reduce
the number of pacemaker replacements, which means
fewer surgeries and reduced incidence of infection.?>**>
Therefore, pacemaker battery life has become a key prob-
lem requiring urgent solution.

A self-powered cardiac pacemaker was realized via a
flexible single-crystal Pb(Mg;,3Nb,,3)O03-xPbTiO; (PMN-
PT) piezoelectric nanogenerator.>** The flexible PMN-PT
PENG (Figure 20A) is designed to continuously generate
electric energy via periodic bending/reduction. It can be
used directly as a cardiac pacemaker by attaching copper
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FIGURE 20 Self-powered cardiac pacemaker. (A) Schematic diagram of the manufacturing process and biomedical application of the

flexible PMN-PT piezoelectric energy harvester. (B) Photographs of the designed flexible PMN-PT PENG, showing its excellent bendability.
(C) Output voltage and current of the PMN-PT PENG. (D) Experimental schematic diagram of cardiac stimulation in rats. (E) Photographs
from experiment on cardiac stimulation and heartbeat perception via rat thoracic cavity. (F) ECG of rats in the experiment. (G) Energy
generated by the designed flexible PMN-PT PENG (MIM: metal-insulator-metal). Reproduced with permission.** Copyright 2014, WILEY-

VCH Verlag GmbH

wires to a metal pad with silver conductive paste and
then connecting them to a stimulation electrode.

A photograph of the designed flexible PMN-PT PENG
is demonstrated (Figure 20B). The bending deformation
of the device generates a voltage potential, and electrons
are transferred through an external circuit to balance the
electric field generated by the dipoles and accumulating
at the top electrode; when the deformation recovers, the
electrons flow back; and electrons are transferred through
an external circuit to balance the electric field generated
by dipoles.

A PMN-PT PENG with dimensions of 1.7 cm x 1.7 cm
was tested to evaluate the output performance. The
results, presented in Figure 20C, indicate that the
designed PMN-PT PENG has excellent output perfor-
mance, with maximum output current and voltage
reaching 145 pA and 8.2 V, respectively, which fully

meets the 100 pA and 3 V input requirements for cardiac
pacemakers. Furthermore, finger tapping generates a cur-
rent signal of 223 pA, which is more than 36 times the
maximum current of a ZnO nanowire nanogenerator
(6 pA) and 8500 times the maximum current of a BaTiO3
thin film nanogenerator (26 nA). An anti-fatigue test was
also performed on the device.

The output of the PMN-PT PENG did not show any
apparent decline after 30 000 cycles of a durability experi-
ment, which indicates its durability. To verify the feasibil-
ity of the designed flexible PMN-PT PENG as a cardiac
pacemaker, rats were selected as test subjects for a car-
diac stimulation experiment. The flexible PMN-PT PENG
was directly connected to a stimulation electrode to pro-
vide electrical stimulation to the heart of anesthetized
rats (Figure 20D), and the ECG was transmitted via a
sensing terminal. Figure 20E presents a photograph of
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the animal experiment in which the thoracic cavity of a rat
was opened for cardiac stimulation and heartbeat percep-
tion. The corresponding peak value generated by the flexi-
ble PMN-PT PENG is clearly observable on the rat's natural
heartbeat ECG (Figure 20F). In addition, the designed flexi-
ble PMN-PT PENG can generate approximately 2.7 pJ of
energy in one bending motion (Figure 20G), which is con-
siderably higher than the threshold energy for electrically
stimulating a living heart (1.1 pJ). The above shows that
the flexible PMN-PT PENG has significant development
prospects in cardiac function normalization.

The treatment of neurological diseases such as dyski-
nesia, epilepsy, and Parkinson's disease has typically
relied on drug therapy for a long time. However, thera-
peutic drugs often affect various organs and tissues of
human body, causing various side effects. With the devel-
opment of microelectronic technology, implanted medi-
cal devices have received extensive attention as a
solution. Clinically, implanted medical devices have the
advantages of less damage to the human body, less com-
plications, and reversibility. For example, deep brain
electrical stimulation shows considerable potential with
stimulator technology,”® which implants electrodes in
specific brain regions and then injects electrical signals
into the nervous system.

Compared with drug therapy, it is safer to inject elec-
trical signals into the nervous system. The principle
behind this method is that the potential of the designated
nerve region can be artificially controlled, which means
that it will not affect other parts of the body and will not
produce side effects. Furthermore, the electrical signal
injection method can realize an almost transient response,
quickly activate nerve tissue, and is more efficient than
drug therapy. This technique has been extensively used to
treat tremor, Parkinson's disease, dystonia, Tourette syn-
drome, pain, and depression. However, due to its high
operating frequency and high-power consumption, the
service life of the device is short. For many patients, once
the equipment is turned off for a few minutes or seconds
or the battery is depleted (the battery life is 3-5 years), the
treated condition immediately returns. However, frequent
replacement of the equipment increases the risk of com-
plications such as infection and hemorrhage, along with a
heavy economic burden on the patient. Therefore, it is
particularly important to design an implantable electrical
stimulator that can be used for a long period.

A metal-insulator-metal PENG**® based on flexible
Pb(In; ,Nb; /,)05-Pb(Mg;3Nb,,3)03-PbTiO3 (PIMNT) could
provide a deep brain stimulation (DBS) in a self-powered
fashion. The designed PIMNT PENG is fabricated by
adhering a 10 pm thick PIMNT film, with Au electrodes
on both sides, to a 125 pm thick substrate by using
polyurethane (PU) adhesive. A photograph (Figure 21A)

and structural diagram (Figure 21B) of the device are
presented.

The output performance of the such a PENG was
tested under mechanical bending and straightening at a
frequency of 0.32 Hz. A maximum open-circuit voltage of
11 V and maximum short-circuit current of 283 pA were
obtained. A rectified PIMNT PENG can charge capacitors
of different capacities (0-2 V) in a short time (tens of sec-
onds to 200 s) (Figure 21C), or directly light up 120 paral-
lel LED lamps (Figure 21D). To verify the durability of
the device, 15000 cycles of a mechanical test were
performed.

Eventually, the PIMNT PENG was directly connected
to a DBS stimulation electrode for activating the primary
motor cortex (M1) in an experiment on the brain of a liv-
ing mouse. The experimental scheme and photographs
are presented (Figure 21E,F). The paw movement dis-
tance of mice receiving six instances of electroencephalo-
gram (EEG) stimulation is shown (Figure 21G). The
experiment proves that the M1 cortex of mice can be
stimulated by a self-powered PIMNT PENG inducing
DBS to cause forelimb muscle contraction. This study is
an important reference for further development of future
in vivo medical technology that realizes self-powered
DBS devices driven by conversion of mechanical energy
generated by bodily movement.

Osteocytes function as mechanical receptors in bone
tissue and also as biochemical signal response effectors that
convert mechanical stimulation into signals, regulating
osteoblast and osteoclast activity and consequently bone
remodeling under mechanical stress. Bone cells may have
a regulatory or even dominant role in bone remodeling
and orthodontic treatment, with the maintenance of bone
function in adults depending primarily on bone remo-
deling. Bone is a dynamic active tissue that maintains its
mineralization balance and structural integrity through
continuous remodeling.**” In the bone remodeling process,
osteoblasts and osteoclasts play a key role in regulating
bone growth or absorption by feeling mechanical stimula-
tion. Increased osteoblast function or decreased osteoclast
function leads to increase in bone mass.

The reverse leads to bone mass reduction and
osteoporosis-like changes, which are the main causes of a
high incidence of fracture and bone pain in the middle-aged
and elderly. In the field of medicine, the photobiological reg-
ulation effect of low-level laser therapy occupies an impor-
tant position in many disciplines.**** The laser therapy has
a positive effect on bone reconstruction and formation,
which has been supported and confirmed by many in vitro
and in vivo studies. Several studies have reported that low-
energy lasers can activate osteoblasts and promote bone tis-
sue healing and reconstruction. In the field of orthodontics,
low-intensity lasers have been clinically applied to reduce
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Flexible PENG device for providing self-powered deep brain stimulation. (A) Photograph and (B) structural diagram of the

designed PIMNT PENG. The rectified PIMNT PENG (C) charging capacitors with different capacities, and (D) directly lighting up
120 parallel LED lamps. (E) Experimental schematic diagram and (F) photograph of the PIMNT PENG used for activating the brain of a
living mouse in an M1 experiment. (G) Time graph of paw movement distance for mice receiving six EEG stimuli. Reproduced with

permission.??® Copyright 2015, The Royal Society of Chemistry

pain in orthodontic treatment. Such a laser therapy can
accelerate tooth movement.”® To promote the application of
this technology, an attachable or implantable laser treatment
system is required. However, conventional batteries are lim-
ited in use due to their size and lifespan.

An implantable self-powered low-level laser cure
(SPLC) system for osteogenesis®*® could significantly
accelerate the proliferation and differentiation of mouse
embryonic osteoblasts. The designed SPLC system con-
sists of an arched flexible TENG and an infrared laser

excitation unit. The arched flexible TENG is made of
PDMS and indium tin oxide (ITO) films, with a pyramid
surface structure, as friction materials (Figure 22A). The
output performances (Figure 22B,C) demonstrate maxi-
mum short-circuit current and maximum open-circuit
voltage of about 3 pA and 115 V, respectively. Murine cal-
varial preosteoblasts (MC3T3-E1) were selected for
grouping experiments. The experimental grouping was as
follows: a reference group without laser irradiation, a
laser irradiation group with an irradiation frequency of
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diagram of the designed arch-shaped flexible TENG. (B) Time graph of the short-circuit current and (C) open-circuit voltage of the designed
arched flexible TENG. (D) Schematic diagram of the SPLC system. (E) Cell proliferation for the first 3 days after the experiment. (F) Cell
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100 pulses/day using a TENG-driven laser. Here, the laser
is powered by a capacitor charged by a TENG (Figure
22D). And a laser irradiation group has been set with an
irradiation time of 1 min/day using a battery-powered
laser. The cell proliferation for the first 3 days immedi-
ately after the experiment are presented in Figure 22E,
and the cell number and morphology after the 3 days are
presented in Figure 22F. From these two figures, the cell
degrees of the TENG-driven laser irradiation and battery-
powered laser irradiation groups are higher than that of
the reference group, indicating that infrared laser irradia-
tion can indeed accelerate cell proliferation. The alkaline
phosphatase (ALP) level and mineral deposition have a
certain degree of significance in measuring the growth
degree of MC3T3-E1 cells. Figure 22G,H present the ALP
level and mineral deposition, for the three groups of
experiments. There is more cell growth in the laser irradi-
ation group than in the reference group for both experi-
ments. The above experiments show that the designed
SPLC system has a positive effect on proliferation, differ-
entiation, and bone formation of osteoblasts, which indi-
cates that the system can be used in clinical applications
for bone remodeling and orthodontic treatment.

5 | OTHER APPLICATIONS

5.1 | Disinfection and sterilization
From its origin and through different periods of societal
development, human beings have subjectively and
actively used productive labor to change their environ-
ments and to modify the natural environment to meet
the needs of human survival and societal development.
However, human activities have also caused a depletion
of natural resources and pollution and destruction of the
ecological environment due to a continuous transforma-
tion of the natural environment. With the rapid develop-
ment of social economy and technology, this damage
becomes increasingly severe. Thus, the increasing conve-
nience in daily living brings increasing environmental
problems, resulting in specific threats to our living and
work environments. In some areas, more than environ-
mental pollution accidents, there are large-scale ecologi-
cal damage and environmental crises.

Water is the most precious natural resource, essential
for human survival and socioeconomic development.
Freshwater resources are closely connected to the survival
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of human beings and other organisms.**'2* However,
the availability of freshwater in the world is unevenly dis-
tributed. By 2025, 60% of the world's population may face
a water shortage crisis. The rapid deterioration of the
water environment, together with the multiplication of
toxic algae and harmful bacteria in water bodies, results
in a more acute shortage of water resources. Concur-
rently, the continuous deterioration of the water environ-
ment has also negatively impacted human society,
causing agricultural production to decrease or even cease,
and forcing factories to stop production, causing consider-
able economic losses. These factors hinder the sustainable
development of the society and threatens the survival of
mankind. Therefore, finding a solution to the water pollu-
tion problem has become one of the major environmental
problems presently in need of an urgent solution, thus
receiving widespread attention from the international
community.

51.1 | Self-powered electrochemical water
treatment system

A self-powered electrochemical water treatment system
was fabricated for wastewater sterilization and algae
removal.”** The system consists of a seawater electrolysis
device and an arched TENG (Figure 23A) that harvests
energy from water waves to power the device. A plurality
of TENG units connected in parallel are placed in water
together (Figure 23B,C).

With the alternating motion of water waves, an ITO-
PET film top plate and PET-ITO-PTFE film bottom plate
in the TENG are continuously contacted and separated
to generate an alternating current between the TENG's
electrodes. The designed electrochemical water treat-
ment system (Figure 23D,F) consists of a TENG and its
rectifying device as power supply, a 10 ml reaction ves-
sel, and two electrode plates made from mixed metal
oxide (MMO), Ti, and reduced graphene oxide (RGO).
RGO nanosheet can inhibit the proliferation of microor-
ganisms on its surface. A schematic diagram of an RGO-
assisted electroporation MMO-coated Ti plate steriliza-
tion and algae removal mechanism is presented in Fig-
ure 23E.

Output tests were performed at a frequency of 2 Hz
on 50 parallel TENG devices with dimensions of
15 cm x 30 cm. The parallel TENG devices delivered a
short-circuit current with an average amplitude of 4.8
mA and an open-circuit voltage with a peak value of
210 V. First, the antibacterial and methyl methacrylate
(MMA) removal effect of different electrodes was tested.
To meet the requirements for disinfection and algae
removal, the output of the TENG device was voltage-

reduced during the experiment (Figure 23G,H). The
MMO-Ti-RGO electrode delivered the best performance
in both the antibacterial and algal removal experiments.
The system realizes high-efficiency sterilization (removal
rates for Escherichia coli, Streptococcus faecalis, and
Vibrio alginolyticus are over 99.9999%) and algae removal
performance (survival rates for three mixed algae:
Phaeodactylum tricornutum, Skeletonema costatum, and
Prorocentrum donghaiense was reduced to zero) through
electroporation and the synergistic effect of free chlorine
and RGO during electrolysis.

The accumulation of bacteria or algae on wet surfaces
will bring various problems to shipping, buildings along
water and underwater facilities. An integrated triboelec-
tric wave harvester (I-TEWH) can realize the antifouling
of wet insulation surface through solid-liquid contact fric-
tion electrification (Figure 24A).%*> Most microorganisms
are charged bodies, and I-TEWH converts water wave
energy into periodically changing electric energy, which
will generate alternating electric fields near the protected
surface. According to the principle of electrostatic induc-
tion, alternating electric field can disturb the surface
charge distribution of microorganisms near the protected
surface, which can disturb the inherent charge distribu-
tion of microorganisms, thus achieving the effect of
inhibiting the adhesion of microorganisms. The anti-
adhesion efficiency of this method to diatoms
(bacillariophyceze), positive-gram bacteria (Staphylococ-
cus aureus), and negative-gram bacteria (E. coli) is as high
as 96.0%, 99.1%, and 99.3%, respectively.

For some cases where only a small part of water
needs to be treated (rural areas or sudden disasters), the
requirements of power and cost control are very strict.
In this case, disinfection of POU with water is an eco-
nomical and efficient treatment method. A TriboPump
based on TENG can effectively realize water disinfection
(Figure 24E).*°°

This system includes three parts: disinfection device
(coaxial-electrode copper ionization cell [CECIC]) (Fig-
ure 24G), power source (disk triboelectric nanogenerator
[D-TENG]) (Figure 24F), and water pump (Figure 24H).
TriboPump combines TENG and CECIC together, which
can make TENG generate electric field by manual opera-
tion. The existence of electric field can release Cu ions on
the center click to inactivate bacteria, and at the same
time enhance the permeability of bacterial cell mem-
brane, thus increasing the consumption of copper enter-
ing bacterial cells. Experiments show that the inactivation
rate of TriboPump on bacteria is as high as 6 log, while
the Cu concentration in the discharged water is only 180-
340 pg L™, which is far lower than the maximum pollut-
ant level target of copper in drinking water set by US
Environmental Protection Agency (1.3 mg L™1).
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FIGURE 23

Self-powered electrochemical water treatment system. (A) Schematic diagram of the designed arch TENG. (B) Plurality of

TENG units placed in parallel together in water. (C) Photograph of TENGs collecting water wave energy. (D) Schematic diagram and
(F) photos of the designed electrochemical water treatment system. (E) Schematic diagram of RGO-assisted electroporation MMO-coated Ti

plate sterilization and algae removal mechanism. (G) Antibacterial and (H) MMA removal effect of different electrodes. Reproduced with

permission.?** Copyright 2015, Elsevier Ltd

5.1.2 | Sustainable sterilization

A self-powered sterilization system with both instant and
sustainable antibacterial capability*®’ performs electropora-
tion when an electric field is applied and continuously steril-
izes after the electric field is removed. The system (Figure
25A) is composed primarily of a TENG driven by water
waves and two nano-brush electrodes integrated via silver
NPs and ZnO nanowires. Ag/ZnO electrodes are fixed in
two filter supports to sterilize the bacterial solution extracted
from the pump. The TENG, driven by wave motion, sup-
plies an electric field to the electrodes. The designed spheri-
cal TENG consists of a rubber ball serving as a friction layer
and two arc-shaped Al electrodes serving as both friction
and electrode layers.

The operating principle of the spherical TENG is illus-
trated in Figure 25B. When the TENG moves under the
action of water waves, the small balls within it roll and
continuously make contact with and separate from the
electrodes on both sides, generating an alternating output
current. Using E. coli and S. aureus as samples in different
control group experiments, the sterilization efficiency of
the designed self-powered disinfection system was tested.
The experimental results are presented in Figure 25C,D.
Here, the sterilization effect of Ag/ZnO nano-brushes
driven by the TENG is superior to that of the other three
groups of control experiments, with a 100% sterilization
rate (SR) for E. coli and a 99% SR for S. aureus.

A sustained sterilization capability after removal of
the electric field is also demonstrated, with a 100% SR for
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FIGURE 24 (A) Schematic diagram of antipollution device. (B) Structure of underwater components. SEM images of (C) Escherichia
coli and (D) Nitzschia sp.”*® Reproduced with permission. Copyright 2019, Wiley-VCH Verlag GmbH. (E) Schematic diagram of TriboPump
system. (F) Schematic diagram of D-TENG section. (G) Schematic diagram of CECIC part. (H) Schematic diagram of water pump.>*®
Reproduced with permission. Copyright 2016, Wiley-VCH Verlag GmbH

E. coli and an ~95% SR for S. aureus 20 min after removal capability test, the designed system still exhibits a strong
of the electric field. Furthermore, for natural river water, sterilization effect (Figure 25E) as there are almost no
also used as an experimental object for the sterilization microorganisms in the river water sterilized, and a
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FIGURE 25 Self-powered sterilization system with both instant and sustainable antibacterial ability. (A) Schematic diagram of the

designed experimental device for the self-powered disinfection system. (B) Schematic diagram of the operating principle of the spherical
TENG. (C) Escherichia coli and (D) Staphylococcus aureus as samples to test sterilization efficiency. (E) Natural river water as the
experimental object for the sterilization capability test. (F) Colony forming units (CFU) and SR of microorganisms in river water.

Reproduced with permission.?®” Copyright 2017, Elsevier Ltd

sustained sterilization capability is evident, with an SR
exceeding 80% 20 min after the removal of the electric
field (Figure 25F).

5.2 | Degradable medical devices

Because the substrate materials and electronic compo-
nents of traditional implanted medical devices are not
degradable, they often need to be removed via surgery
when the designated diagnosis and treatment tasks are
completed. This supplementary surgery causes secondary
trauma to the patient and may cause complications such
as wound infection and suppuration, and increased medi-
cal costs. Thus, the development of biodegradable elec-
tronic devices has attracted considerable attention.**®>%
The biodegradable electronic devices can be completely

or partially degraded in physiological environments or in
water. Degradable electronic devices can be absorbed by
the human body, and when applied in the field of
implantable medical diagnosis and treatment, avoid the
side effects of secondary surgery and long-term implanta-
tion. Biodegradable electronic devices require degradable
energy supply components to maintain normal operation.
Although these devices have shown considerable poten-
tial, research on their energy supply remains very limited,
which also limits its application in vivo. Therefore, the
development of a safe, efficient, and long-term stable
power supply for implanted degradable electronic medi-
cal devices is currently a challenging issue in scientific
research.

A Dbiodegradable TENG*”® (BD-TENG) can be
employed as a long-term implantable power supply. The
designed biodegradable TENG (Figure 26A) is composed
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of degradable polymers: poly(L-lactide-co-glycolide)
(PLGA) and poly(caprolactone) (PCL) as friction layers,
an absorbable metal (Mg) as the electrode layer, and a
degradable polymer as the encapsulation layer and
degradable polymer gasket.

The open-circuit voltage (Figure 26B) and short-cir-
cuit current (Figure 26C) of the BD-TENG are 40 V and 1
pA, respectively. Figure 26D presents an in vitro

degradability experiment on the designed BD-TENG
device, showing that after 90 days, the device almost
completely disappeared, which indicates its good in vitro
degradability characteristics. In addition, different
beclomethasone dipropionate (BDP) encapsulation layers
have different degradation times. Based on this character-
istic, the BD-TENG can be designed for implantable
medical devices with different lifetimes. The designed
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BD-TENG as a lifetime designed implantable power source. (A) Structural diagram of the designed BD-TENG. (B) Time

graph of the BD-TENG's open-circuit voltage and (C) short-circuit current. (D) In vitro degradability test on the BD-TENG device.
(E) Experiment implanting the BD-TENG in a rat. (F) Schematic diagram of the self-powered nerve cell stimulation system. (G) Patterned

interdigital electrodes covered with PDMS. (H) Orientation and distribution of nerve cells under guidance of an electric field.*”® Reproduced
with permission. Copyright 2016, American Association for the Advancement of Science
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BD-TENG was implanted in a rat and its wounds were
healed after 9 weeks (Figure 26E).

Furthermore, a micro-computed tomography (micro-
CT) image of the BD-TENG showed that its structure was
almost completely destroyed (Figure 26E), demonstrating
good biocompatibility and degradability in vivo. In addi-
tion, the designed BD-TENG also shows characteristics
that can be applied to regulation of the direction of nerve
cell growth. By combining the BD-TENG with a polyly-
sine modified stimulation device, that is, a patterned
interdigital electrode covered with PDMS (Figure 26G), it
was seeded with primary neuron cells (Figure 26F). After
being cultured for 5 days under electrical stimulation (1
Hz, 10 Vmm ) for 30 min/day, most of the neurons
exhibited a good orientation parallel to the electric field
(Figure 26H).
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Poly-L-lactide (PLLA) polymer, as a biodegradable
polymer, also exhibits certain piezoelectric properties.
A biodegradable and biocompatible piezoelectric force
sensor is composed of PLLA, molybdenum electrode and
polylactic acid (PLA) encapsulation layer (Figure 27A,B),
which can effectively detect different breathing patterns
of mice (Figure 27C). In addition, after accelerated degra-
dation at 74°C for 56 days (Figure 27D), the designed sen-
sor was completely degraded, and only showed a slight
immune response after being implanted into the subcuta-
neous region of mouse back, and no obvious inflamma-
tion, multinucleated giant cells and fibrous cysts were
observed.

Silk protein is a kind of natural high molecular fibrin
extracted from silk, which has good flexibility, tensile
strength, air permeability and moisture permeability, as
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Biodegradable pressure sensor. (A) Schematic diagram of PLLA sensor. (B) Photograph of the manufactured PLLA sensor.

(C) Different force signals generated by implanted sensors when mice are alive and under anesthesia (black) and mice are euthanized due to
excessive anesthetic (red). (D) Degradation of the sensor at 74°C accelerated degradation temperature.>”* Copyright 2018, Proceedings of the
National Academy of Sciences of the United States of America. (E) Structural schematic diagram of TENG based on conductive SFF:

(i) Thickness of conductive SFF, (ii) SEM image of Ag NFs. (F) Images of tactile sensors on the skin. (G) Photograph of the tactile sensor and
the corresponding voltage signals.?’> Reproduced with permission. Copyright 2020, Elsevier B.V
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well as good biocompatibility and degradability, and has
strong electron loss ability in triboelectric sequence.
A single-electrode mode triboelectric nanogenerator
(STENG) with high transparency and biodegradability is
composed of a triboelectric electrode composed of silk
fibroin film (SFF) and silver nanofiber, and PDMS dielec-
tric material (Figure 27E). The artificial skin array based
on TENG can be completely attached to the back of the
hand and realize tactile sensing (voltage response to
force) (Figure 27F,G). Moreover, the designed STENG
has been basically dissolved after being soaked in vinegar
for 96 h, and has good degradability. In addition, in the
cell culture experiment, MC3T3-E1 cells showed good
adhesion, spreading and growth on the surface of SFF,
which indicated that SFF had good biocompatibility.

5.3 | Air purification

The exhaust emissions have gradually increased from the
factories, power plants, traffic exhaust, and other pollut-
ing sources.”’>*”* Many countries have been jointly com-
bating air pollution, as it is a serious environmental
problem. The composition of air pollutants is very com-
plex, and the toxic components primarily include carbon
monoxide, ozone, nitrogen oxides, and suspended partic-
ulate matter (PM). Among pollutants, suspended PM
poses the most significant threat to human health and
the ecosystem.?’> Respirable lung particles (PM2.5) have
a size of less than 2.5 pm and their large specific surface
area enables the easy absorption of toxic substances.
Thus, these particles can directly enter the respiratory
tract of humans, causing diseases such as heart disease,
asthma, and bronchitis.

At present, there are several methods of particle filtra-
tion for air purification: mechanical filtration, the
Cottrell process, adsorption, and the use of negative ions.
Mechanical filtration generally uses fibers or a porous
membrane as the core component, and employs inertial
collision, interception, and diffusion purification mecha-
nisms to achieve a good filtration effect on fine particles.
However, the wind resistance is large and the filter holes
become easily obstructed. The Cottrell process is an
important particle filtration method in the field of indus-
trial dust removal,”’® and utilizes a high-voltage electric
field to ionize dust-containing gas, such that charged par-
ticles are adsorbed on a polar plate. Although the wind
resistance of the Cottrell process is small, the purification
cycle is long, the volume is considerable, and the removal
effect on larger particles is poor.

Furthermore, a corona discharge is triggered under
high voltages of several thousand volts, which easily
releases ozone, generating secondary pollution. In

addition, a large volume of sustained external high-
pressure energy consumption also increases the purifica-
tion cost. Therefore, the development of air PM filtration
methods, improving purification efficiency, shortening
the purification cycle, and reducing cost have achieved
high priority. The prominent feature of the TENG is its
high output voltage, with an output range that can reach
thousands of volts from several volts, which makes it an
ideal choice for air purification. The utilization of the tri-
boelectric effect may create a safe, energy-saving, and yet
strong electrostatic field for an electrostatic filtration pro-
cess for air particles. Table 5 lists the performance sum-
mary of various air purification devices.

A 3D-printed biomimetic-villus structure based TENG
and a biomimetic-villus dust filter (BV-DF)*"” effectively
absorbs dust particles of various sizes. The designed BV-
TENG (Figure 28A) is a cylindrical body with a villus-
shaped structure extending inwards, which is polymer-
ized layer-by-layer by a 3D printer. The acrylonitrile
butadiene styrene cylindrical body and its inner surface
is filled with PTFE powder that can produce the tribo-
electric effect, and the outside of each villus is coated
with an Ag layer functioning as an electrode.

The designed BV-TENG can make the PTFE powder
and the inner surface of the ABS cylinder contact and
separate continuously under vibration (Figure 28B) and
rolling (Figure 28C) modes, thus generating current. Fur-
thermore, the designed BV-TENG has good stability and
its output is almost unchanged after 1000 cycles of opera-
tion. The BV-TENG can be used as a dust filter by
replacing the inner PTFE powder with PTFE balls and
removing the external circuit structure. When the BV-DF
moves (slides, rotates, or vibrates), the PTFE balls and
ABS surface contact, generating large amounts of fric-
tional charge (Figure 28D). As dust flows through the
reticular BV-DF, the PTFE balls and the ABS surface
absorb the dust particles with positive and negative char-
ges, respectively, achieving a filtration effect. In addition,
the designed BV-DF also has good stability, and its
adsorption efficiency shows no evident change after
washing, thus being reusable after washing (Figure 28E).

A triboelectric air filter (TAF)*”® can efficiently
remove fine particulate matter (PM2.5) from air. The air
filter is a multilayer structure composed of nylon and
PTFE fabrics. Through simple friction (Figure 29A), fric-
tional charges are generated between the two fabrics and
therefore build a strong electric field between them. The
operating mechanism of the air filter is illustrated (Figure
29B,0).

When the triboelectric air filter is not charged,
mechanical filtering measures such as gravity settling,
interception, inertial impact, and diffusion are adopted to
filter larger particles in the air. In addition to mechanical
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TABLE 5 Performance summary of different air purification devices
Filtration
Materials Mechanism efficiency Output stability Application References
Acrylonitrile TENG 41% (75 min,  After running 10 000 cycles, the Dust filter 277
butadiene styrene/ PM2.5) output performance is
PTFE/Ag basically unchanged
Nylon and PTFE TENG 96% (4 h, After five washings, the Mask 278
fabrics PM2.5) filtration efficiency is 92%
PVDF-ESNF/Cu TENG 99.2% (4 h, After an interval of 30 days, the Mask 279
PM2.5) filtration efficiency is 99.2%
Hydrophobic TENG 99.2% (4 h, After 4 cycles of testing, the Mask 280
nonwoven PMO.3) filtration efficiency is 85.6%
polypropylene (PP)/
meltblown
nonwoven PP/PTFE
Kaptont/Al/Cu/Bi,Te;  TENG 92.1% (6 h, There was no significant change  Gas energy recovery and 281
+ TEG PM2.5) in the output of the test after purification system
10 000 min of continuous
work
Electrospun TENG 99.6% After wearing the mask for 40 h, = Mask 282
polyetherimide (PEI) (PM0.3) the output did not decrease

nonwoven/Fe net

significantly

Abbreviations: PVDF-ESNF, poly(vinylidene fluoride) electrospun nanofiber film; TEG, thermoelectric generator.

filtration, the charged air filter can effectively remove
submicron particles in PM2.5 via electrostatic adsorption
using a strong electric field formed by friction between
the two fabrics. The removal efficiency of the air filter
was tested for different PM sizes, that is, PMO0.5, PM1.0,
PM2.5, PM5.0, PM10.0 (Figure 29D). The removal effi-
ciency of the air filter after charging is considerably
improved, which is analogous to that of commercial
masks. To enable the application of air filter in environ-
ments with high humidity, the surface of the two fabrics
were etched using inductively coupled plasma (ICP). This
results in larger contact angles of water drops for the two
fabrics and, consequently, higher hydrophobicity. The
contact angles of water drops are presented before and
after etching the two fabrics (Figure 29E,F).

The removal efficiency of the TAF for PM was tested
under different humidity environments. The removal effi-
ciency of the triboelectric air filter for PM1.0-PM10.0
remained above 87% even with 90% relative humidity (Fig-
ure 29G). TAFs with different number of pieces (1-
5 pieces) were tested at different flow rates. The more TAF
pieces, the higher the removal efficiency (average 45% in
one piece of TAF, average 75% in five pieces of TAF). Fur-
thermore, the designed TAF still maintains a removal effi-
ciency of more than 92% after five washes (Figure 29H),
which is considerably higher than that of commercial
masks (67%). For a practical application of the designed
TAF, a TAF mask was manufactured and the

corresponding PM concentration filtered was recorded in
real time. The experimental results are presented in Figure
291. The manufactured TAF mask exhibited good filtering
performance and improved the air quality index from seri-
ous pollution to an excellent level after being worn for 4 h.
Due to its high efficiency and washability, the TAF is
expected to be widely used as a mask in the future.

A self-powered electrostatic adsorption face mask
(SEA-FM) was composed by combining the poly(vinylidene
fluoride) electrospun nanofiber film (PVDF-ESNF) and a
TENG driven by respiration (R-TENG).>” The structure
and operating principle of the SEA-FM are illustrated in
Figure 30A. The PVDF-ESNF prepared via electro-
spinning has a filtration function, and the R-TENG can
continuously provide frictional charges for the PVDF-
ESNF through respiration. Due to pressure changes in
the mask during breathing, the Cu film and PVDF-ESNF
continuously contact and separate. Thus, the charge of
the PVDF-ESNF is replenished to ensure its filtering
function (Figure 30B).

And cleverly, the inspiratory and expiratory parts of
the mask are independent of each other, significantly
limiting the influence of steam on the generation of elec-
trostatic charge and electrostatic adsorption. Under wind
speeds of 10-55 cm s~ ' (simulating the human respira-
tory rate), the removal efficiency of commercial masks
and PVDF-ESNF were comparatively tested, and the
results are presented (Figure 30C,D). The removal
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3D-printed BV-TENG and dust filter. (A) Structural diagram of the designed BV-TENG. (B) Operating principle diagram of

the BV-TENG in vibration and (C) rolling modes. (D) Operating principle diagram of the BV-DF. (E) Washability experiment on the BV-DF.

Reproduced with permission.?”” Copyright 2019, Elsevier Ltd

efficiency of the PVDF-ESNF is above that of commer-
cial masks for particles smaller than 2.5 pm, and consid-
erably higher for ultrafine particles smaller than 0.1 pm.
The filtering efficiency of the PVDF-ESNF with an R-
TENG is considerably above that without an R-TENG
(Figure 30E). To test the performance in practical appli-
cation, the SEA-FM (Figure 30F) was manufactured.
Figure 30G shows the particle removal efficiency during
240 min of wearing, which is basically the same as the
removal efficiency measured under the same conditions
after 30 days (Figure 30H), indicating that the SEA-FM
has good durability. Due to its excellent durability and
self-powered characteristics, the SEA-FM has significant
development potential in the future wearable air purifi-
cation field.

5.4 | Hybridized nanogenerators with
supercapacitors

In the practical application of wearable sensor, due to the
randomness of mechanical motion, the power generated
by TENG cannot always keep consistent with the power
required by the sensor, which will inevitably lead to the
waste of power or insufficient supply. Therefore, it is nec-
essary to store the power generated by TENG.?*>2%*
Supercapacitor (SC) seems to be one of the most suit-
able energy storage devices at present. It has the charac-
teristics of rapid charge and discharge of capacitors and
energy storage of batteries. In addition, compared with
traditional batteries and capacitors, supercapacitors have
the characteristics of high power density, long cycle life,
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conditions. (H) Washability test for the TAF. (I) Removal efficiency test for mask manufactured based on the TAF. Reproduced with

permission.?’® Copyright 2018, Wiley-VCH Verlag GmbH

wide working temperature limit and environmental
protection.

A novel transparent, low-power, stretchable and repair-
able strain sensor based on silver nanowires (AgNW)/
poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS)/polyurethane (PU) nanocomposites
(Figure 31D),*®> combined with TENG (Figure 31B)
and supercapacitor (Figure 31C), has a good response
to various strain-causing activities on human skin (such
as breathing, swallowing, clenching fist, wrist rotation,
finger joint movement, etc.) (Figure 31A), and its con-
ductivity, transmittance and sensitivity can be adjusted
according to needs, which has certain advantages in
personal health monitoring and artificial skin.

An integrated power supply system based on wear-
able fabric stores the power generated by TENG in super-
capacitors (Figure 31G),*®® which can collect both
horizontal and vertical mechanical energy, and can mon-
itor human activities such as stretching, walking, and
running (Figure 31H). In addition, SC charged by TENG
can also be used to light LED or as the power supply of
other sensors, and has good cycle stability (after 4000
charge and discharge experiments, there is no obvious
capacity change).

In order to make readers have a clearer understanding,
we have made a summary table of the research progress of
nanogenerators in biomedical devices such as sensors
(Table 6) and therapy (Table 7) in chronological order.



42 of 57 Wl LEY

WANG ET AL.

(A) ;'!? (B) <i>
M silicone film [ Cufilm = PVDF-ESNF = Non-woven [l Rubber mold e o
: 'E <ii> ‘<iii>< :E ’ ..
(. ): adl = = °
3 m = - > & c ®
N -
.\‘\ - = < =¢ Y
wi= 13 < 5 0.
\ H i -/ B i o ©
233~ poutlet L ’ .
23 outle k/” N 71 4] :
exp;;tion ins;;gtion
(©) (D) (E)
105 105 1
< 100 Shoo e — e — — —— S sof
| 0 F
z | g 60+
S 2+ g 9 2
g £ £
§ 85'9 <1.0 pm % 85'° 1.0~2.5 pm Tg N
. > - s %
g sof—= Commerecial filter 2 80— Commercial filter £ 20 PVDF-ESNF
PVDF-ESNF t & [ X
2 ’s - ‘ . . . g 8 -.‘-PVDF‘ ESNF‘ ) ) - R-TENG | .
100 20 30 40 50 60 100 20 30 4 50 60 100 1000
(F) Wind speed (cnvs) (G) Wind speed (cnvs) (H) Particulate size (nm)
100} + o 100}
4 £ W
X 80 —=—0.5 pm S 80f o 05um
3 ——1.0 pm E —o— 1.0 pm
g 79l ——25pum % 70} —=—25pm
g | —~50mm 2 ——5.0pm
&) w _’T ]0 !u-n 1 ] 1 1 é 60 _.._ IOHm 1 1 1 1
40 80 120 160 200 240 40 80 120 160 200 240
Time (min) Time (min)

FIGURE 30

A self-powered electrostatic adsorption face mask based on a TENG. (A) Structure and operating scheme of the face mask.

(B) Schematic diagram of the filtration function of the PVDF-ESNF. Under different wind speeds, the removal efficiencies of commercial
masks and the PVDF-ESNF for (C) a particle size of less than 1.0 pm and (D) particle sizes from 1.0 to 2.5 pm. (E) Comparison of filtration
effects of the PVDF-ESNF with and without an R-TENG. (F) Photograph of the SEA-FM. SEA-FM denotes self-powered electrostatic
adsorption face mask. (G) Particle removal efficiency of the SEA-FM during 240 min of wearing. (H) Removal efficiency of the SEA-FM after
30 days.?”® Reproduced with permission. Copyright 2018, American Chemical Society

6 | FUTURE OPPORTUNITIES
AND CONCLUDING REMARKS

The nanogenerator has been thoroughly investigated
from all aspects such as material choice, device architec-
ture and energy generation mechanism for over a decade.
However, it is still in its infancy stage in the biomedical
field. Future opportunities of biomedical and healthcare
nanogenerators remain for pursuing the goal of flexibil-
ity, stability, sustainability, and comfortability. There
remain several issues and challenges to be tackled.

First, the materials for electrification and sensing
should offer flexibility, durability, and good biocompati-
bility.** Indeed, the performances of nanogenerators®'®"
*12 could be tailored by regulating and coupling the
triboelectric,>®  piezoelectric,’™* and pyroelectric*'®

materials. The materials of sensors are required to secure
the adaptation of these devices to various shapes and
internal environments, that is, excellent biocompatibil-
ity.>'® The electrical interconnect is important for both
biocompatible and wearable considerations.*'” For exam-
ple, the traditional copper wire may generate toxic ions
inside human body, while the metal wire may be tough
and rigid when implicated in wearable situations. Emerg-
ing conductive materials such as graphene,®'®>*!
MXene,****** and hydrogels®**> may provide good electri-
cal conductivity as alternative of metal electrodes. There-

fore, the comprehensive optimization of flexible
materials requires great attention from materials
community.

Second, the design of the nanogenerator structure
should be further miniaturized to facilitate more effective
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FIGURE 31

Hybridized nanogenerators with supercapacitors. (A) Schematic diagram of repairable integrated equipment on neck,

forearm and knuckles. Schematic diagram of each component: (B) TENG, (C) SC, and (D) strain sensor. (E) FE-SEM images of AgNW/

PEDOT:PSS/PU nanocomposite films on PDMS substrates. (F) Photographs of vertically integrated devices of strain sensor (bottom), SC
(middle) and TENG (top).*®* Reproduced with permission. Copyright 2015, American Chemical Society. (G) Schematic diagram of arm

swing equipped with TENG and SC. (H) Demonstration of human activity sensor. Reproduced with permission.?®® Copyright 2015,

American Chemical Society

implantation or attachment inside and outside the
human body. Besides, the comfortability should be con-
cerned for minimizing its impact on the daily life of the
patient. Besides, the large-scale production technique
should be addressed for reducing the device cost. Real-
world applications put forward strict requirements on the
strength and durability of these device structures.>*®

Third, the packaging strategy for nanogenerator
devices can be further modified. Traditional packaging
technique has guaranteed a long lifetime of implanted
systems, that is, without being affected by internal
extrusion, corrosion, and oxidation by the humidity**’
of body fluids. On the one hand, a reliable packaging
method®*®3***?° with negligible rejection reaction
requires further investigation. On the other hand,
completely degradable self-powered system may further
decrease the risk of implanted systems.

Besides, signal transition remains an important issue
for implanted nanogenerator systems. A low-power-
consumption wireless communication means such as
Zigbee technology*****! and radio-frequency>** may extend
the working lifetime and reduce the surgery time. Indeed,
the locating and tracking of implantable devices® are
highly demanded in the era of Internet of Things.>**
Meanwhile, proper selection of the implantation position

for the implanted device affects the transmission of biologi-
cal signals and the service life of the devices.

In addition, an appropriate power management mod-
ule can reduce energy loss for long-term operation of the
nanogenerator equipment. Indeed, the energy storage
modules could continuously provide electric power such
as a secondary battery or supercapacitor.**’~>** The reali-
zation of most implantable devices in the target location
is limited to small animals such as mice. Prior to the
application to the human body, large animals with physi-
ological characteristics analogous to the human body
should be selected for testing.

It is necessary to improve the working stability and
sensing accuracy. In practical applications, there are
many external environmental factors that threaten the
output stability of nanogenerators, such as humidity and
temperature. The movement of human body leads to the
release of sweat, which may cause some pollution to the
nanogenerator, and the slight change of body tempera-
ture caused by movement may also affect the sensing
accuracy of the nanogenerator. It is a good way to protect
the nanogenerator by developing suitable package, but at
the same time, it is necessary to consider the influence of
package on the output of nanogenerator and human
comfort. In addition, it is also an effective method to
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TABLE 6 Research progress of nanogenerators in biomedical sensors

Areal size
Materials Performance (cm?) Mechanism Application Subject References
Silica/Cu Monitor the infusion 4x2 TENG Droplet flow rate Liquid 287
operation in real time monitoring drops
and recording the
infusion speed
PVDF/Au Sensitivity 2.5 x25 TENG + PENG Heart rate monitoring Human 19
10050.6 mV Pa™;
Voc: 64V
ZnO NRs-silk/Ag NWs Vic: 25 V; Isc: 0.08 pA 0.5 x 0.5 PENG Chest respiratory Human 288
monitoring
Silicone/Cu Voc: 5.75 V; Isc: 0.38 pA  n.a. TENG Renal edema monitoring Adult 289
(single TENG fiber: porcine
diameter = 700 pm, kidneys
length = 2.5 cm
Al/PTFE/Au Sensitivity: 1.195 mV/ 1 x 1.5 x 0.1 TENG Endocardial pressure Male adult 197
mmHg; Voc: 045 V; monitoring Yorkshire
Isc: 0.2 pA pigs
ZnO/Ti The glucose concentration 0.4 x 1.3 PENG Detection of blood Mouse 290
is 0, 0.024, 0.045, 0.076 glucose level in vivo
and 0.119 g, and the
output voltages are 0.49,
0.42,0.32, 0.17, and
0.11 V, respectively
ZnO/Ti The output voltages are 0.5 x 0.5 PENG In situ analysis of urea/  Mouse 291
0.543, 0.458, 0.374, uric-acid in body fluids
0.261 and 0.079 V in 0,
1, 10, 30, and 80 mM
urea solutions,
respectively
Chitosan-glycerol film/ Voc: 130 V; Isc: 15 pA 5% 3 TENG Determination of sodium Sweat 292
PTFE/Al chloride concentration
in sweat
PDMS/PVDF/Ag NWs TENG-PENG: Vpc: 55V; 3 x 3.5 TENG-PENG;  Monitoring of respiration, Human 195
PyENG: Voc: 86 V PYENG pulse, swallowing, and
neck tilt
Kapton/Cu Voc: 1.52 V; Igc: 54nA 2 x1 TENG Pulse monitoring Human 192
Al/PVDF Voc: 42 V; Igc: 2.5 pA 3.5%x 3.5 PyENG Respiratory rate detection Human 194
Agarose/BaTiO3 Voc: 80 V; Igc: 285 nA 3x3 PENG Cysteine concentration Cysteine 190
NPs/Ag detection
n-PTFE/Au/Al Voc: 10 V; Igc: 4 pA 3x2x01 TENG Rate monitoring of Pig 293

heartbeat and
respiration; estimation
of blood pressure and
blood flow velocity

Stainless-steel thread/ Voc: 200 V; Isc: 200 pA 16.5 x 11.4  TENG Wrist pulse monitoring Human 294
silicone rubber/skin

Cu-coated PET yarns/ Vpc: 4.98 V; Jsc: 6 x 4 TENG Respiratory rate and Human 193
PI-coated yarns 15.50 mA/m 2 depth monitoring
BaTiO; NPs/PVDF/Ag Voc: 5V; Isc: 900 nA 2.5 %x 25 PENG Glucose concentration Glucose 191
detection
Kapton/Al/Au/Ti n.a. 111 x5 TENG Acoustic stimuli detection Mouse 196

Abbreviations: NRs, nanorods; NPs, nanoparticles; NWs, nanowires; PET, polyethylene terephthalate; PI, polyimide.
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TABLE 7 Applications of nanogenerators in biomedical therapy
Areal size
Materials Performance (cm?) Mechanism Application Subject References
PVDF/ZnO/ Voc: 4.55 V; Isc: 2.95 pA 6.5 X 3.5 PENG Self-powered cardiac Dog 295
rGO pacemaker
PVDF/Ag Voc: 200 V; Qgc: 0.46 2 X 6 x 0.05 PENG Cancer therapy Mouse 296
pC
PTFE/Ti/Cu Voc: 70 V; Isc: 0.55 pA Diameter: 4 TENG Cancer therapy Mouse 297
Nylon/PVC/Cu  Vpc: 4 KV; Isc: 85 pA 30 x 30 TENG Electro-assisted cell HepaRG and HeLa 230
printing cells
PTFE/Al Voc: 1200 V; Isc: 20 pA 10 x 10 TENG Self-powered Pig skin 227
iontophoretic
transdermal drug-
delivery system
Al/PTFE/Au Voc: 60 mV; Igc: 1 nA 2.0 x 2.0 TENG Promote the Murine calvarial 298
attachment, preosteoblasts
proliferation and
differentiation of
osteoblasts
PTFE/Al/Au Voc: 65.2 V; Isc: 0.5 pA 3.9 x 6.1 x 0.099 TENG Symbiotic cardiac Pig 299
pacemaker
PTFE/Cu Voc: 160 V; Isc: 100 pA  Diameter: 184  TENG Enhancing proliferation Mouse fibroblast 229
and migration of cells
fibroblast cells
Se NWs/Ag Voc: 045 V; Isc: 1.67 nA 1 x 2 PENG Gesture recognition and Human 300
NWs cardiovascular
monitoring
Cellular Sensitivity: 0.19 V kPa™'; 0.8 x 0.8 PENG Measure the human Human 301
PP/PZT/Cu Jsc: 11.9 nA cm ™2 heartbeat, monitor
eyeball motions, and
perform active tactile
imaging
PLGA/PCL/ Voc: 2 V; Igc: 220 nA 1.2 x 1.2 x 0.065 TENG Tissue repair Rat 225
PLA
ITO/PET/ Pimaxt 1.56 pW; Popayt 2 X 2 TENG Neurostimulator Rat 302
PDMS/sponge  2.93 pW; the effective
pressure range: 13 N
PTFE/Cu/ Voc:15V; Ic:1.5mA 1 x 1 x0.2 TENG Self-powered Porcine eye 303
PDMS/Au implantable drug-
delivery system
PDMS/Cu/ Voc: 160 V; Isc: 6.7 pA 3.1 x 2.5 TENG Neural recording and Rat 304
PI/Au effective stimulation
PVDF/Cu Voc: 630 mV; Isc: 5.3 2 x 0.7 x 0.01 PyENG Nerve stimulation Frog 305
nA
n-PTFE/Al/Au  Voc: 14 V; Isc: 5 pA n.a TENG Self-powered wireless Yorkshire porcine 306
cardiac monitoring in
vivo
PDMS/AIl/Cu Voc: 30 V; Isc: 280 nA  n.a TENG Accelerate highly embryonic 231
efficient nonviral fibroblasts

direct conversion and
in vivo
reprogramming

(Continues)
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TABLE 7 (Continued)
Areal size
Materials Performance (cm?) Mechanism Application Subject References
PTFE/Al Sensitivity: 14.32 mV/  n.a. PENG Implantable and self- Yorkshire porcine 307
mmHg; Py, 40 nW powered blood
pressure monitoring
Kapton/Al/Cu  Vpc: 300 V; Isc: 30 p)A 5% 5 TENG Accelerating Rat 224
mesenchymal stems
cell differentiation
PLGA/PCL/Mg Voc: 40 V; Isc: 1 pA 2x3 TENG Orientation of nerve cell Rat 270
growth
Graphene/ Voc: 2 V; Igc: 200 nA 2 x 2 x0.02 PyENG Biological nerve Frog and rat 308
PVDF stimulation
PDMS/ITO Voc: 0.2V; Isc: 0.06 nA 1.5 x 1.0 TENG Implantable clinical Rat 233
cure for bone
remodeling or
orthodontic treatment
PIMNT/Au Voc: 11 V; Igc: 283 pA 1.7 x 1.7 PENG Deep brain stimulation Mouse 228
PMN-PT Voc: 8.2 V; Isc: 1.7 x 1.7 TENG Self-powered cardiac Rat 232
0.223 mA pacemaker
PDMS/Al/Au Voc: 12 V; Igc: 025 pA 1.2 x 1.2 TENG Pacemaker Rat 115
ITO/Al/PDMS  Vc: 465 V; Igc: 2 X4 TENG Driving an implantable Neural prosthesis 170

107.5 pA

3D microelectrode
array for neural
prosthesis

Abbreviations: NWs, nanowires; PET, polyethylene terephthalate; PI, polyimide; PIMNT, Pb(In;,;Nb;,,)O5-Pb(Mg;,3Nb,,3)0;3-PbTiO3; PMN-PT, (1 — x)

Pb(Mg;,3Nb,/3)05-xPbTiO3; rGO, reduced graphene oxide.

change the surface morphology of nanogenerators to
obtain excellent hydrophobicity.

The device performances could be elevated with the
integration between sensors and nanogenerators. The
interface engineering and electrical connection could be
optimized for complicated device architectures.’****
Besides, the energy conversion efficiency of the nano-
generators could be enhanced for self-powering. Indeed,
the implantable nanogenerators have guaranteed self-
powering feature for the sensing devices through the con-
version of human kinetic energy into electricity.

This review summarizes the progress of nano-
generators in biomedical and healthcare applications,
including self-powering, smart sensing, efficient ther-
apy, microbial disinfection, and biodegradable implan-
ting. The excellent innovation in healthcare could
benefit from the combination of triboelectric mate-
rials, nanotechnology and biomedical systems. Indeed,
the nanogenerator based biomedical and healthcare
vortex may recall the great input of materials scien-
tists, biologists, chemists, physicists, and biomedical
engineers. A bright future awaits the investigation of
nanogenerators for biomedical and healthcare
applications.
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