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1 | INTRODUCTION

Abstract

Green and eco-friendly energy technology are crucial to reduce environmental
pollution caused by fossil fuels. Triboelectric nanogenerator (TENG), as an
emergency green energy technology, which can get the energy from the sur-
rounding environment and organism. The development of TENG based on
degradable materials strongly promote the next-generation green energy tech-
nologies that will effectively avoid pollution and hazards caused by metal and
hardly degradable plastic materials. In this review, we summarize the TENG
based on degradable materials and its applications. The typical degradable
materials for TENG are animal-based degradable material, plant-based degrad-
able material, and artificial degradable material. We provide perspectives on
the challenges and potential solutions associated with the next-generation
degradable TENG. Beyond the material issue, we highlight the full biodegrad-
able devices that show the healthcare function in vivo.

KEYWORDS

bioelectronics, degradable materials, energy harvester, implantable, self-powered, triboelectric
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reported by Pro. Wang and co-workers in 2012, and is
supposed to power a huge number of distributed

It is an emergency issue to power a huge number of
distributed electronic devices. The massive battery
usage led to serious environmental concerns. Tribo-
electric nanogenerator (TENG), as a neotype green
energy technology, can get the energy from the sur-
rounding environment and organism.*® It was

devices. The principle of TENG based on conjunction
of the triboelectric effect and electrostatic induction
converts.® A surface electrostatic charge is generated
by the contact between two triboelectric layers and
produces an electric field to drive electrons through an
external circuit.’
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Exploitation and application of new materials are
essential aspects of the research of TENGs. The materials
with more functions, including stretchable, self-healable,
biocompatible, degradable, even bioabsorbable, and so on
have been applied in TENG.'>"* The development of tri-
boelectric nanogenerator based on degradable materials
(DB-TENG) strongly promotes next-generation green
energy technologies. The DB-TENG will effectively avoid
pollution and harm to the human caused by metal and
hardly degradable plastic materials. The triboelectric
layer material is the core element of the TENG and cru-
cial for its output. There are many degradable eco-
friendly materials such as cellulose, chitin, and silk
fibroin show excellent properties in terms of biocompati-
bility, degradability, and triboelectric effect.'*'®

Here, we divide the degradable materials into three
types by the source, including animal-based degradable
material, plant-based degradable material, and artificial
degradable material. Animal-based degradable materials
are definited in degradable materials obtained from ani-
mal sources in this review, such as chitosan, silk fibroin,
and gelatin. Similarly, plant-based degradable materials
are degradable materials obtained from plant sources,
such as leaves, wood and cellulose molecules, alginate,
rice paper, and so on. In addition, the cellulose can be
classified as plant-based materials by the old Three
boundary theory.'” Artificial degradable materials are
degradable materials that have undergone industrial

processing, Such as PLA (polylactic acid) and
PLGA(poly(lactic-co-glycolic  acid), PHB/V  (poly-
hydroxylbutyrate valerate), PCL (polycaprolactone)
(Figure 1).

In this review, we have summarized the works which
exploiting and applying degradable triboelectric material
into TENG. We are concerned about low toxicity mate-
rials that can degrade under natural conditions and sta-
ble materials which can be used in TENG as triboelectric
layers. Because the instability, it is not cover the mate-
rials that can be completely chemically decomposed
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under specific conditions, such as active metals which
can degrade in acids.

The concept of the degradation of TENG was first
proposed by Qiang Zheng et al.'* In 2016, they reported
the use of artificial degradable materials as the triboelec-
tric layer to make TENG, the first to proposed the con-
cept of “degradable & implantable TENG” and implant
fully degradable DB-TENG into the human body for
health care. However, attempts to apply degradable mate-
rials in TENG began 2 years ago. In 2015, Luca Valentini
was the first to use plant-based materials alginate and
GO composite membranes on TENG.'® Two years later,
Hyun-Jun Kim et al made animal-based material silk
fibroin into a thin film to act as a triboelectric layer by
electrospinning, which started an attempt of fine
processing on DB-TENG'. In 2017, Xiao-Sheng Zhang
et al began to use plant-based degradable material paper
as a triboelectric layer to make TENG.?'"? In 2018, Wen
Jiang et al reported the use of natural degradable mate-
rials to make fully degradable TENG, which put forward
new requirements for the bioabsorbability of DB-
TENG.'® In October of the same year, Zhe Li et al applied
gold nanorods to DB-TENG, completing the
photothermal degradation regulation of implantable
TENG.'? Besides, some studies have reviewed DB-TENG
from different prospects.”>**From the perspective of
materials, Aifang Yu et al*” introduce the biodegradable/
bioabsorbable TENG with degradable materials and dis-
cuss the performance optimization of it. Kaushik Paridaa
et al* have discussed some DB-TENGs with stretchabil-
ity, self-healability, and bio-compatibility and summarize
the TENG with these properties. So far, more degradable
materials have been used in TENG to complete functions
such as energy harvesting, signal sensing,” and medical
care.”

In this review, we have summarized recent reports of
TENG using degradable materials as the triboelectric
layer and made milestones. After that, we listed the
degradable materials used in TENG, and explained the
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characteristics of these materials and their advantages
and disadvantages when used in TENG. In addition, in
order to introduce the application of DB-TENG, we
divide the overall application into three categories and
introduce them separately. Finally, we also discussed the
challenges, and looked forward to the future research
direction of DB-TENG.

2 | TRIBOELECTRIC
NANOGENERATOR

The TENG is a kind of energy harvester which can con-
vert mechanical energy to electric energy. In recent years,
many significant breakthroughs of theory and application
in the area of TENGs, which led it to important energy
harvesting techniques. After the contact and separation,
two triboelectric layers could carry different kinds char-
ges because of contact electrification effect. And with the
movement of materials, the surface electrostatic charge

generate a time-varying electric field, which is able to
drive the electrons in the external circuit. Considering
the effect of different structures, the working model of
TENG are further divided into four categories, including
vertical contact-separation mode, lateral sliding mode,
single electrode mode, and freestanding triboelectric-
layer mode.(Figure 2A-D).

2.1 | Vertical contact-separation
mode TENG

Vertical contact-separation mode TENG?*' is the most
common of the four working modes due to its simple
structure design and working method. The structure of
the vertical contact-separation mode TENG always
includes two triboelectric layers and relevant electrode
layers, as shown in Figure 2A. Moreover, some conduc-
tive materials can be used as both the triboelectric layer
and the electrode layer. Contact electrification is mainly
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caused by the transfer of surface electrons. Then an elec-
trical potential between two triboelectric layers drove the
electrons through external loads due to electrostatic
induction.

2.2 | Lateral sliding mode TENG

The working modes of sliding TENG>? is similar to verti-
cal contact separation, except that the “friction” of the
two materials has changed from vertical contact separa-
tion to sliding, as shown in Figure 2B. The lateral sliding
mode TENG works by friction between two triboelectric
layers. Different from the vertical contact-separated
mode, the sliding mode produces a relatively stable out-
put, which meets the requirements of continuous power
supply for more applications.

2.3 | Single-electrode TENG

The single-electrode mode TENG**** consists of a mov-
ing external object and a bottom electrode electrically
connected to the reference electrode, which is different
from both vertical contact separation working mode and
sliding working mode, as shown in Figure 2C. The output
of the single electrode mode is only half of the other two
modes due to the electrostatic shielding effect.®> The
single-electrode TENG has better adaptability in design
since no additional electrode layer is required.

24 | Freestanding mode TENG

The freestanding mode TENG is an optimized design for
single electrode mode TENG.>®> The triboelectric layer
can move and contact with two connected electrodes,
which enhance the effect of electrostatic induction. The
freestanding TENG also can be divided into a contact
separation type and a sliding type according to the way
the triboelectric layer contact with each other. Corre-
spondingly, the working principle is similar to the verti-
cal contact separation mode and the lateral sliding mode.
Figure 2D shows the freestanding TENG in sliding mode.

3 | MATERIALS FOR TENG

3.1 | TENG based on animal-based
degradable materials

The animal-based degradable materials such as silk
fibroin,*®* gelatin,*®*' and so on are served as substrates

and encapsulation layers and are widely used in transient
electronic devices.*? Recently, the animal-based degrad-
able materials with excellent triboelectric effect have
been applied to the triboelectric layer of TENG. Since
2015, The silk fibroin,’** gelatin,* and chitin®>*>*’
have begun to emerge in DB-TENG. These TENG using
animal-based degradable materials have appeared in
broad areas such as energy harvesting, signal sensing,
and invasive medical treatment.

There are mainly five animal-based degradable mate-
rials, including chitosan/chitin, egg white, silk and deriv-
atives, gelatin, and peptides applied to TENG. Chitin and
its derivatives are common in the hard shells of crusta-
ceans (shrimp) and the shells of arthropods (insects).
Chitosan can be synthesized from chitin. There are a
large number of free hydroxyl and carboxyl groups in the
molecular chain, which easily form hydrogen bonds. In
terms of electrostatic properties, chitin is a natural poly-
cation polysaccharide in nature. It is easy to lose elec-
trons in the triboelectric effect. Similarly, chitosan also
tends to lose electrons as negative charged materials. The
chitin and chitosan will also be degraded into small mol-
ecules in the environment, and will slowly degrade in the
human body, which show good biocompatibility and
bioabsorbability.*® Besides, chitin and chitosan have
excellent antibacterial effects and have promising appli-
cations in the medical field.*’

The protein and its derivatives, such as silk, gelatin,
egg white, peptides, and so on can serve as a triboelectric
layer in TENG. These triboelectric materials usually have
a strong ability to transfer electrons due to the carboxyl
group. Besides, these proteins can be quickly degraded in
environments with microorganisms and proteases, and
have a good biocompatibility. Protein is easy to modify
and improve by biological and chemical methods to
make it more expansible in biomedical applications.

The gelatin is a mixture of protein and peptide which
is also one of the most used protein derivative products.
Gelatin,™ is generally derived from the collagen in the
connective tissues of animals (such as fish, cattle, etc.)
and forms a gel under the incomplete hydrolysis of prote-
ases. In addition, gelatin is expected applied to implant-
able medical devices due to excellent biocompatibility
and biodegradability (Figure 3).

3.2 | TENG based on plant-based
degradable materials

In 2013, Z. L. Wang's group began to explore an impor-
tant plant-based biodegradable material—paper as a
component of TENG.> But the paper was only used as a
spacer, rather than as a triboelectric layer directly applied
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to TENG. Then, Xiao-Sheng Zhang et al*'reported TENG
using paper and Teflon as the triboelectric layer in 2017;
Luca Valentini et al'® reported a TENG adding alginate
to the triboelectric layer. Nowadays, more plant-based
biodegradable materials combined with TENG and
achieved outstanding performance.

At present, there are currently six plant-based degrad-
able materials used in TENG, including cellulose, paper,
leaves, wood, rice paper (starch), and alginate. Alginate is
a common food additive used for thickening, emulsifica-
tion, and stability.>* It is usually added to other mixed
systems (such as salt solution, etc.) to form a film by
cross-linking.>®> As a polysaccharide derivative, alginate
materials are easily degraded and have good biocompati-
bility. In addition, ions increase the solubility of the
material itself in water, so that it can be degraded in
water or aqueous solutions containing ions. This property
enables the controlled degradation of alginate-based
TENG.""Rice paper is another plant-based degradable
material widely used in TENG. Its raw material is starch,
a common edible polysaccharide produced from crops
such as rice and corn.’®Leaves, paper, wood (wood fiber),
pure cellulose, the main components of these four mate-
rials are cellulose, which is derived from the branches of
plants in nature. The main component is the most
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common polysaccharide cellulose in nature, these mate-
rials can be degraded under the conditions of acid, alkali,
and special enzymes, but the degradation rate is related
to the specific structure of the material.>”>® Specially
modified molecules can endow cellulose with stronger
abilities to transfer electrons and better physical and
chemical properties (Figure 4).>°

3.3 | TENG based on artificial degradable
materials

The chemically synthesized artificial materials play an
important role, such as PTFE, PET, and PI, in triboelec-
tric materials for TENG.”*%3> Recent, some artificial
degradable materials have been used as triboelectric
materials to meet short-term applications. In 2016,
Qiang Zheng et al first proposed the biodegradable
TENG based on artificial degradable materials.'"* In
2018, Zhe Li et al applied artificial degradable materials
and gold nanorods to TENG and used NIR light to regu-
late the degradation of TENG in vivo."> The artificial
degradable materials are showing a promising prospect
in applying TENG results in the ease of large-scale
manufacturing (Figure 5).
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There are currently five kinds of artificial degradable
materials used in TENG, include polylactic acid (PLA),
poly lactic-co-glycolic acid (PLGA), polyvinyl alcohol
(PVA), polycaprolactone (PCL), and poly
3-hydroxybutyrate-co-3-hydroxyvalerate (PHB/V). As an
emerging synthetic material, PLA has excellent material
properties such as high strength and high transparency,
which is known as one of the ideal substitutes for
petroleum-based polymer materials.®>°® In addition, both
PLA and PLGA are polymerized by ester bonds, and deg-
radation products are human metabolites. Thus, these
materials have bioabsorbable properties and can be well
used in implantable applications.®”®®

The PCL and PVA are degradable materials derived
from petroleum, while PVA is the only vinyl material
among these five materials. Since vinyl alcohol is not very
stable, ethyl acetate is generally used as a monomer for
PVA.® Polyvinyl alcohol film has good mechanical prop-
erties, biodegradability, biocompatibility, but poor ther-
mal stability.”>’* The PCL generally has a larger overall
molecular weight and relatively slow biodegradation
compared with among other polymer materials.”

PHB/V, as a copolymer of hydroxybutyric acid and
valeric acid, is also one of PHB derivative polymers. The
synthesis of PHB/V mainly relies on chemical methods.”
Like several other materials which are mentioned, PHB/V
has good biocompatibility and biodegradability and has
good mechanical properties after film formation.”

4 | TENG APPLICATIONS BASED
ON DEGRADABLE MATERIALS

DB-TENG has shown many excellent properties, such as
eco-friendly, biocompatible, biodegradable, and so
on. They are widely applied in energy harvesting, signal
sensing, and implantable medical devices.

4.1 | DB-TENG for energy harvesting

Harvesting energy from the environment and living
organisms have been an important goal of TENG since it
was invented. The emergence of DB-TENG has brought
dawn to the new eco-friendly and degradable energy sup-
ply. Luca Valentini firstly used the degradable material
alginate for TENG and proving its output capability.
Ruoxing Wang et al reported a TENG made by laser
processing technology. The output of TENG with differ-
ent chitosan doping during degradation has also been
tested (Figure 6A)."> Young Choi et al report a TENG
based on silk fibroin with a unique curved structure to
harvest energy from human motion. Its output is
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FIGURE 5 Artificial degradable material used in TENG and its

monomer; BBL, f-butyrolactone; BVL, -valerolactone; CAPA,
caprolactone; EG, ethylene glycol; LA, lactic acid; PCL,
polycaprolactone; PHB/V, polylhydroxylbutyrate valerate; PLA,
polylactic acid; PLGA, poly(lactic-co-glycolic acid); PVA, polyvinyl
alcohol

reaching 28.13 V/2.71 pA (Figure 6B).”” Wei Yang et al
demonstrated a washable and air-permeable TENG based
on a paper that reaches an output of 230 V/9.5 pA
(Figure 6C).”® In 2018, Yange Feng reported a hybrid
TENG to harvest wind energy in the environment. The
leaves are directly used as the triboelectric layer. The
maximum current of the TENG can reach 150 pA at
7 m/s wind speed.”® In addition, Dongwhi Choia et al
designed a liquid-solid contacted degradable TENG to
harvest raindrop energy in external environments
(Figure 6D).?>%! Sai Sunil Kumar Mallineni fabricated
TENG with PLA and achieved a high voltage of up to
2700 V (Figure 6E).”” In addition, Yaokun Pang fabri-
cated degradable TENG based on alginate film. The maxi-
mum output can reach 33 V/150 nA (Figure 6F).°* In
2019, Kequan Xia proposal an environmentally friendly
TENG with wasted tea leaves and packaging boxes. The
output of the TENG also reached 792 V/42.8 pA.”®

4.2 | DB-TENG for sensing

The TENG can be used not only as an energy harvesting
device, but also as a sensor which is superior in mechani-
cal sensing due to its high sensitivity and short response
time. The eco-friendly, biocompatible, and biodegradable
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materials also endow TENG more distinctive features in slight movement of the palm and fingers.** Yun-Ting Jao
transient electronic device applications. et al reported a system for detecting human movement and
Xiao-Sheng Zhang et al first reported a paper-based sweat. This work adhered chitosan-glycerin film to different
TENG with an output of 85 V/3.75 pA. The graphene pen- parts of the socks and demonstrated the TENG can be inte-
cils are applied to make the electrode layer. The paper-based grated with fabrics. The NaCl concentration in the sweat
TENG can attract and control the movement of droplets on ~ has also been detected (Figure 7E).** Wei Xu et al reported
the platform by using the generated electric potential(- a TENG using hydrogel containing PVA, which can directly
Figure 7A).*! Jianjun Luo et al demonstrated a flexible and ~ and effectively detect arm bending from 0° to 150°.%°
durable wood-based TENGs. This device has been applied  Besides, Yinben Guo et al proposed a hybrid TENG with
in self-powered sensing with athletic big data analytics PVDF fiber and silk fibroin to detect human motion. They
(Figure 7B).*° Sheng Chen et al used paper and cellulose showed the alarm of an emergency. For example, when the
paper as the triboelectric layer to fabricated TENG and  human body falls, the devices on the arm will generate
achieved 196.8 V and 31.5 pA output. This work reported a short and high-output signals, thereby prompting the
paper piano with the paper-based TENG's (Figure 7C).*' In mobile phone to send emergency signals (Figure 7F).** Zhu
addition, Chaoxing Wu et al reported a thin sheet of TENG Zhiyuan et al report a single-electrode TENG with rice
with paper and PVC. the TENG could distinguish the types  paper to detect sweat produced on the arm.*
of materials, such as common glass, cotton, wood by the To improve the monitoring accuracy, some new mate-
efficiency of transferring electrons. Simultaneously, this  rials and structures are applied in DB-TENG. Cuncun Qian
work also tried multi-layer folded paper-based TENG to et al fabricated multi-layer TENG with doped cellulose
generate electricity. The space between the different thin  nanofibers and PDMS by laser processing technology. The
layers of the TENG of this structure is relatively small, human motion status monitoring has been archived.®
which can transform the sound vibration in the surrounding  Jong-Nam Kim et al reported a motion sensor based on DB-
air to electrical output (Figure 7D).* TENG with more compatible for skin. The degradable
Flexible TENG is often applied in human health sur- material gelatin mixed with different proportions of silica
veillance. Lingyun Wang et al used PDMS and PVA/PEI gel used as the triboelectric layer.**Faliang He et al used silk
to make transparent TENG. This device can sense the  nanofibers and PVA/MXene nanofibers as the triboelectric
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layer to fabricate a small and transparent TENG for real-
time healthcare detection.®” In addition, DB-TENG can also
effectively detect cardiovascular events. Peng Xiao et al
report a band-aid-liked TENG with biodegradable materials
PVA and PLGA, which can monitor different movements
of the human body or pulse information (Figure 7G).** At
the same time, Ruoxing Wang et al have produced a
DBTENG by different doped PVA films and PI, which can
sense the stress of 0.6 N/cm? on the skin and accurately
monitor the pulse(Figure 7H).*®

4.3 |
devices

DBTENG for implantable medical

Implantable medical devices improve patient care and
disease therapy due their ability to vital physiological sig-
nals monitoring and electrical stimuli. However, most

existing implantable medical devices must be removed or
replaced via an invasive, complex surgery at the end of
service life. Implantable biodegradable electronic device
is a new trend to avoid invasive secondary surgery that
can be absorbed or degraded in vivo.

In 2016, Qiang Zheng et al first reported the full bio-
degradable TENG as a life-time designed implantable
power source which can convert mechanical energy of
organism to kinetic energy.'> In this work, PLGA,
PHB/V, PVA, and PCL four kinds of artificial degradable
materials were used as the triboelectric layer. The maxi-
mum output of this DB-TENG can reach about 40V,
1 pA. The device can produce electricity stably for
2 weeks in a rat body. In addition, this work also proved
that the electrical stimulation of TENG can effectively
stimulate the directional growth of nerve cells. It is
expected to be applied in nerve repair in the future. In
recent years, there are key findings show that the voltage
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generated by TENG applied to wound treatment can
effectively reduce infection and promote healing. Wen
Jiang et al demonstrated a full bioabsorbable TENG with
several natural degradable materials, such as animal-
based materials chitosan, egg white, silk fibroin, plant-
based materials cellulose, and rice paper.'® The maxi-
mum output of 55 V/0.6 pA was reached when egg white
and rice paper are used as the triboelectric layer. It can
provide a stable electrical output within a few days when
implanted in the rat. Besides, they also proposed treat-
ment using methanol to reduce the degradation rate of
the device in the body (Figure 8).

To regulating the degradation rate of implantable
devices, Zhe Li et al proposed a degradable TENG based
on Au nanorods and reached the maximum output of
28 V, 220 nA. They doped Au nanorods in the PCL, PLA,
and PLGA film as the triboelectric layer. The NIR(near
infrared) light can indirectly control the degradation of
the device by the photothermal effect.'®> In the case of
added NIR light, the output of the implanted TENG
quickly decreases to 0 within 24 hours, while the control
group (without NIR light) can remain output on the 28th
day. This work verified that the electrical output of TENG
can effectively promote cell proliferation. This device is
expected to be applied in wound tissue recovery. Yujia
Zhang et al proposed a thin-sheet TENG based on silk

Cherapy By The
Long-term TENG

(A)
« Implantable TENG for

muscle stimulation;

« Force-controlled
modulation by electrical :
excitation; \

« Implantable TENG for
bone remodeling and
osteoporosis treatment;
« Osteoblasts’ prolifera-
tion and differentiation
by electrical excitation;

« Implantable TENG for
vagus and peripheral
nerve stimulation; | .
» Weight control force-

controlled modulation

by electrical excitation;

FIGURE 8

fibroin obtained by genetic engineering. The size of
TENG is 2 cm X 3 cm, and the maximum electrical out-
put can reach 145 V/4.28 pA. They implanted the device
into the wound of the mouse for wound treatment and
achieved an antibacterial rate of 93% for Escherichia coli
and 58% for Staphylococcus aureus. Correspondingly, the
control group for the electric energy not produced by
TENG only had an antibacterial rate of about 20%.>* In
addition, DB-TENG can also be used as an energy supply
device to power for implantable devices. Compared with
conventional implantable electronic medical devices,
small-sized TENG as an energy supply can replace batte-
ries that occupy most of the device's volume, thereby
reducing the overall volume of the implanted device.

5 | CHALLENGES
AND OPPORTUNITIES

With the in-depth research of materials and structure
design, degradable TENG has shown great development
and promising potential in energy harvesting, signal sens-
ing, and implantable medical treatment in the past few
years. However, there are still some challenges required
to overcome in the future as an emerging field. Here,
from aspects of components and properties, we discussed

Therapy by The
transient Biodegradable
TENG
o - * Biodegradable TENG (D)
¥ ',;T‘-' for implantable device
X !—33\ driving;
; « Based on life-time
designed artificial
material;
bW ()

R AN « Biodegradable TENG

Ce=a ‘
a2  TELL
N 1\ for wound repairing ; ——
- I » Degradation of device | &7
X can be control by NIR;

(F)

. * Biodegradable TENG
for implantable device
driving;

« Cardiomyocyte clusters’
regulation by electrical
excitation;

Implanted TENG-based devices used in medical applications. A, References from 88;B, References from 89,90; C, References

from 91,92; D, References from 12; E, References from 13; F, References from 16
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the direction of optimization for DB-TENG and its future
prospects.

5.1 | Degradable materials for DB-TENG
Materials are an important part of TENG, which deserves
further discussion. Materials’ properties, such as surface
microstructure, triboelectric, and mechanical properties, will
influence the performance and application of DB-TENG.

51.1 | Molecular structure of materials
In 2018, Pro. Morten and Pro. Zhong Lin Wang®* pro-
posed an electron-cloud-potential-well model to explain
contact electrification and charge transfer and release
between two materials. In this model, the triboelectric
effect between materials is the charge transfer caused by
the overlap of electron clouds. The functional groups®
have a great influence on the electron cloud of the mate-
rial, while electronegative groups are more likely to be
negatively charged in contact electrification.

For degradable materials, the animal-based materials
mainly contain proteins and their derivatives, and have
more electronegative groups than the plant-based mate-
rials, which mainly contain polysaccharides. According
to the previous work, we list a triboelectric series table of
these degradable materials.'>'>'*%*7 In addition, modi-
fication methods such as nitration and amination can
also change the surface potential of degradable materials,
thus changing the charged state in contact electrification.
Different materials and modification methods can
improve the performance of DB-TENG effectively.

Besides, molecular structure of materials also plays
an important role in biocompatibility and biodegradabil-
ity, which could affect the in vivo or in vitro applications
of DB-TENG. Specific molecular sites, such as the peptide
bonds, are easily recognized and degraded by organisms.
In contrast, some molecular structures can disrupt the
normal life of organisms. In that sense, the modification

Q o)
= [} 2.
= g 2
= S
=] 5 4 % '% e £
S 2w o = = 8 =
S 5 g = = s 2 ]
=z p, H @ ° ] o]
a~] =g o
- % s
> Q )
> <
&

of materials will have an impact on biocompatibility and
biodegradability.

5.1.2 | Surface microstructure of
materials

In addition, surface microstructure is also an important fac-
tor affecting the output of DB-TENG. Various process of
material preparation and modification have been demon-
strated to affect the surface microstructure. Water lithogra-
phy, electrostatic spinning, and other materials preparation
methods can effectively form a specific surface microstruc-
ture. Besides, ICP etching, plasma cleaning, and other
methods can also form microstructure on the surface of
materials and improve the performance of TENG.

5.1.3 | Mechanical properties of
materials

The mechanical properties of materials are also the focus
of researchers, while it is crucial to the devices based on
DB-TENG, especially human integrated devices.”® Some
properties, such as young's module, will directly affect
users' comfort level. Besides, some mechanical properties
such as elasticity and tensile properties also play an
important role in some special applications of DB-TENG.
In recent years, there has been a great deal of work on
mechanical modification of materials, but it is rarely used
in DB-TENG. In the future, more and more material
modification methods, such as doping and chemical
modification, will be used in DB-TENG to improve the
performance of devices (Figure 9).

5.2 | Output performance for DB-TENG

The output performance of the DB-TENG still needs to
be improved. In Table 1, we summarize the TENG report
in 5years, which use degradable material as the

—
8
-

% FIGURE 9 Triboelectric
series'>!>16:9697 of degradable materials
based on their ability to lose or gain

-]
= 5 electrons. The reference material

is PDMS



(senunuo))

o
m [t9]  yored [eusioeqnuUy w ¢ X U ¢ vl LT'0/A 612 yog dd4d aso[n[) paseq-1ue[d
) [€9] SOIUOLO9[° SAL[ 0 0 v1i 06/A 0€~ qog dad asonIEeD peseq-jueld
>~ V11 8'0/A 80
[l [¥01] Sumnsaarey AS1ouyg wo T X uw [ »vi6/AS8 ylog n) % J44 asorn[ED paseq-jue[d
w [g2] Sunsoarey A31oug wo G X U § vl Z¢/A €T yog no aso[n[PED paseg-jueld
W [cot]  Bunsearey AS1ouyg wogxuwog vilSe0T/A ST6'L yog GEAR| aso[n[RD paseq-jueld

_ n 0143 v €0/A T€
[o1] J[qeruerduwr AL wo g X un | 2 vil $°0/A S¥ yog [OUBYIOW 29 OAIA U]  I3qIJ YIS 29 Ajym 339 asornyR) paseq-jueld
[t¥]  Sunsearey A31oug wo QT X o 0T A S9 ylog HALd spndadAtod paseq-Tewruy
[zoT] Funsaarey A31oug wo 9T°§ X WO GT'T vt 0T/A 05€~ yog TALd apndadAjog paseq-fewruy
Junsaareyq
[15] AS1ouy dqeIEdIM un ¢ X ung vl GE0/A 0€T qog SINAd/dd1d uneen peseq-Tewiuy
[tor]  Sunsearey A31euy wo ¢ X Wo § w1 9T/A 008 yog V1d uneED paseq-[ewiuy
Sunsoareyq
[sc] AS1ouy dqeIedM weXwWS vl 1LT/A €8T qog Iaqqni-is  uroiqy Y[Is/YIIS paseq-TewIuy
[£8] JOSUSS IOTARYdY  S[OIIO I9jauIerp Wd G°T AVLIT qog QUXIN/VAd  UroIqy HIs/A[IS paseq-[ewiuy
[€8] JIOSUSS 9INIS9D un X U0 g v 21/A 005 qog ddAd  uroiqy Y[Is/AIS paseq-TewIuy
[oo0T1] JIosuas Jo1Aeyag V11 90/A TT qlog SINAd ~ uIo1qy Is/A[IS paseq-[ewiuy
[zs] Sunsaarey A31eug wgeXxuwd e Vi peo/A6€IT qog Lad  uroiqy [Is/[IS peseq-[ewiuy
[e6]  yored [erRpRqRUY W € X W g vl 8Z/A SYT yog Idd  uIoIqy [Is/A[S paseq-[ewuy
[ev] JI0SUDS dAIOY U X U g v 8L°S/A 89T yog 1dd  uroiqy Y[Is/Is paseq-Tewruy
[66] Iosuas Apog wo g X un [ vi S'0/A 9T yog YIS oAneIduaday  uroiqy Y[IS/AIIS Ppaseq-Tewuy
[61] SOIUOI}O3[ AL 0 0S5~ v g z~/A ST~ qog Id  uroiqy Y[s/AsS peseq-lewiuy
301A9p vl €0/A ST~
[91] J[qeruerdur oALIQ wo g X un [ 2 vl $°0/A 0b~ ylog [OUBYIOW 29 OAIA U] 9SO[N[[20 29 1oded 901y  UI0IqI) N[IS/IIS paseq-Tewruy
901A9D
[o1] J[qeueduwt sALIQ wo 7 X W T v 9°0/A SS yog [OUBY}OUW 29 OAIA U] 10ded a0y aym 339 paseq-[ewuy
[ov] Josuss IolAeydg wd X W ¢ w11 20'T/A 0ST s[qneduwodorg ddgd  uesoyo/uniyy Ppaseq-[ewIuy
[Lv] Touas paads wd § X Ud G~ v STT/A T9T s[queduwosorg Id  Uesoyp/uniyd paseq-[eWIUY
[s1] Sumnsaarey A31ouyg WO T XUDg VU ZP/A SE'T s[quedwosorg I90eM Id  UBSOIYD/UnIy) Ppaseq-TewIuy
[s¥] I0SU3S JBIMS ¢ XU g vi ST/A OST s[quedwosorg HAld ~ UesoNyd/unmy) paseq-TewWIIUY
S9OUdI3JIY uonyesnddy (eaxe) azIS ndino  sqnedwodsorg uonIpuod 3peiSo@  SPOIIIIA IYI0 YT, [BLIdIR A ad£) reroyewx
m. [edL103[7  /3[qepeisaporg s[qepeadoq
mﬁ S[BLI9)BW JLI)O9[Q0qLI) JUSISHIP UM SONHL-G( Jo uosiredwod dueuiojred [ ATIV.L
o




2 I0SUas
0m [L11] JOIARUSQ UBWINE o ¢ X W ¢ v 9/A vT pog JAd 1oded 201y paseq-jue[d
m IOSuas
[+8] IOIARYQq UBWINH un 'y X U ' vil I~/A TT1 mog I9Te M (puey) urys 1oded sory paseq-jue[d
v Z70/A 8Y
01A3p »Vivo/A sy Als
[91] J[qejuedur AL wo g X wo [ ® vl Z0/A ST ylog [ouByIoW 29 OAIA U] 29 ‘dIym 339 ‘uesoIry) Ioded aory paseq-jueld
Sunsoarey
[2z] AS13us TejuLWIUOIIAUY VU 8T/A €0~ J1quedwooorg (3o1do1p) 197 M. JeoT paseq-jue[d
[19] SOIUOIIID ALI wo g X U § v 6'6/A 0€C s[quedwosorg VNN Jeot paseq-jue[d
[6L] Josuss JolAeyag UG X Wd G vl 8Th/A T6L s[qnedwoosorg HA1d Jea paseq-jue[d
Sunsoarey
[8.] AS13u0 TRjUSWUOIIAUY wo X W § v 09/A 000T s[quedwosorg AdAd TR paseq-iue[d
[911] SOTUOI}II[D AL u X U vi /A 021 Jrquedwosorg 09/10d 1adeg paseq-jue[d
[sT1] SOTUOI)OR[d SALIJ  (POOBIS) WD ¢ X W v Z¥/A 000T~ a[quedwosorg UuofjoL, 1adeg paseq-jue[d
[18] ouerd 1odeq WO GZXUWIST  VHGTIE/A 8961 Jrquedwosorg QUBIqUISW 9SO[N[[QI0NIN 1adeq paseq-jue[d
[9£] SOTUOIIOJ[A SALIJ wo X W § v Z9T/A L6T srquedwosorg AdAd 1adeg paseq-jue[d
[09] 1oyeadspnog u 0T X W QT A 00T Jrquedwosorg JAd 1adeg paseq-jue[d
[#11] SOTUOIIOJ[A QAL wo £ X W 9 vi TT/A 96~ s[quedwosorg Id 1adeg paseq-jue[d
[1Z] jo1doip [onuo) WD X W g v 6L €/A S8 drqueduosorg JALd 1adeg paseq-jue[d
[e1T] SOTUOIIOJ[D QAL wo GT X wo 0T vi OLT/A 00¥% s[quedwooorg T11d 1adeg paseq-jue[d
[et1] Sunsaarey A31oug wo [ X W T vl 8 TI/ATS yog suaioydsoyd aso[nyRD paseq-1ue[d
[TT1] SOTUOIIOJ[A QAL WO TXUWIST vil +2/A ST og IN ason[RD paseq-jue[d
I0Suas
[o1T] IoIARYS(Q UBWINH vi 12/A 181 ylog SINAd aso[n[R) paseq-jue[d
[601] SOTUOIOJ[A SALIJ WO G'Z X WO G A Sy mog SINad ENIlEe) paseq-jue[d
I0SUas
[98] I01ABYRq UBINH wo ¢ X Wd ¢ v ¥6°0/A 8°SS ylog SINad aso[n{R) paseq-1ue[d
[801] SOIUOIIIJ[d AL W0 8T A S98C ylog dad ason[RD paseq-jue[d
V_. [LoT] SOIUOI}II[D QAL ZW0 008 V1l 0S/A 0T yog 1991 ENQl|Ele} paseq-jueld
[ [901] Sunsoarey AS1oumg WO G'T X W G'T vi STTT/A 0T€ yog v ason[eD paseq-jue[d
w Sunsaareq
W [sot] £310ug S[qeream U € X W € vl 8°¢/A 8T mog v 9s0[N[[3D paseq-jueq
S9OURIIJOY uonjesrddy (eaxe) 3zIS mdino  sqnedwosorg uonIpuod 3peiSo@  SPOIIdJ[A IAYI0 YL, TeLIdIeIN ad£y rerayewn
S [edL103[d  /d1qepeisoporg s[qepeadoq
b
u (ponupuod) T HTAVL



CHAO Er AL.

_WILEY_|L 1B

[eT]

[z1]

[s8]

[zzT]

[z8]

[oz]
[1zT1]
[ozT]

[z1]

[08]
[811]

SAJURIJIY

auarfisA[od ‘Sq ‘ererarea reikinqiAxorpAyrAod ‘A/gHJ reiAroeyiow [AypowAod ‘YNNG ‘oprxo auaydeid ‘0o euojoejoidessiod ‘T ousiAyiaiiod ‘A ousihdordAjod ‘g ‘opropyo [Aurakiod
‘OAd ‘proe onoelA[od ‘yId 918100V [Autakiod ‘YAJ ‘orereyiydeis) suaihyieAiod ‘194 ‘ouexorisiyiounpAiod ‘SINAJ ‘oprwiAod‘1q ‘ousiddoid suaikyie pajeuriony ‘da.J ‘oudiAyieorongenaisiod ‘G I1d :SUOIIRIARIQQY

01A9p
d1qeyuerdur dATIQ

01A3p
d1qejuerduwr SALIQ

Suriojruow

Je[NOSBAOIPIBD
J[qeIedIM
3unsearey A31oug

IOSUSS
IOTARYDQ UBWINH

JI0SUS
JIOIABYQ(Q UBWINE

Junsaarey A31oug

Sunsearey AS1oumg

01Ap
d1qejuerdur SALIT

01A3p
J1qejuerduwr SALIQ
urs-g

uriredar anssiy,
Sunsearey AS1oug
SOTUOI)II[D JALI(
Surrredar anssiy,
Junsaarey A31oug
SOIUOI)II[D AL

Jupsisse
pue Suriojiuows 310ds

SOIUOII[D AL

uoneoriddy

WO ¢ XU

wo ¢ XUdg

wo T X W [~

o G'Z X WD G'g

wog X U g

wo g X Wo g

W0 0g

wogXUung

W ¢ X U g

wo ¢ XUng
WO g X Uog

W ZTTXWCTT

wo 8T X Wd 9T~
WO 7T X W T
LW T

wo S X U g

wo § X W
woZ X Ung

(eaxe) 9zIS

Vil €0/A ST
‘vil T0/A €1
‘vl 9:0/A 8¢

w1l €0/A ST
‘v11 9°0/A 8T
‘vl 1/A OF

VUS/A ST~
vl 1~/A 0€

vl Z1/A OL

vi §zz/A 00T
VU 6'E/A LY'T
vil LZ/A 01T

Vil Z0/A €1
2 ‘vl €0/A ST
‘il $°0/A 92

v €0/A ST
2 ‘vl 1°0/A 9T
‘vil T/A oF

vl S T/A 06
VU 0TT/A 8T
A T0T
AJILT

VU 02C/A 8T
VUT/A€T
VU 0ST/A 0€

vi 8'T~/A 08~
VU STE/A €T
ndino
[edL1)o9[q

mog

yog

mog
og

wog

wog
mog
wog

mog

wog
wog
wog
wog
wog
wog
wog
mog

Jrqnedurodorg
yog

srquredurooorg
/a1qepeassporg

DoLE ‘('L HA) Sdd

DL€ ‘(b'L HA) Sdd

Ia1B M

D.L€ ‘(b'L HA) Sdd

DL€ ‘(b2 HA) Sdd
DoLE ‘('L HA) Sad
(FIN) DoL€ ‘Sdd

(FIN) DoLE ‘S9d

amjeradwa) ysiy

(emyeradwal ySIy) [DeN

9B

uonIpuod Ipeisq

VOT1d/VAd/1Dd

VAd/A/9HA/VOTd

Id
Sd

SINAd

v
reuIdy

uo[Au/d4.1d

A/9Hd 2 “10d ‘VOTId

A/dHd % ‘VAd “10d
un[s

(spo1 oueu) ny
dd/dd

HALd

(spo1 oueu) ny
HALd

v

HALd

IoART]

POIIIJ3 IAYI0 YL,

A/dHd

TOd

VAd
VAd

VAd

VAd
VAd
VAd

VAd

VO1d
VOI1d
vO1d
Vid
Vid
Vid
reuId[y
euId[y

poopm

1oded 201y

[eLIEIN

(ponunuo))

[eLI9)BW [BIOYNIY

[eLId)eW TR0V

[eLI9)BW [BIOYNIY

[eLIS)eW [RIOLNIIY

[BLISJRW [BIOPNIY

[eLId)eW [EOYNIY
[BLISJRW [RIOLIIY

[eLISJRW [RIOLIIY

[ELI9)eW [RIOLTIIY

[eLI)eW [BIOYNIY
[eLIS)eW [RIOLNIIY
[eLI)eW [RIOYNIY
[eLISJRW [RIOLTIY
[eLI)eW [RIOYIIY
[eLISJeW [RIOLTIIY

paseq-jueld

paseq-jue[d

paseq-jue[d
paseq-jue[d

ad£y Terrayewr
JrqepeiSaq

TdT4dV.L



CHAO ET AL.

1of1 | \WILEY— .

Fast Degradation
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triboelectric layer and summarize the properties of these
materials. The output of DB-TENG with two degradable
triboelectric layers is shown in Figure 10. There are few
DB-TENGs with high output, which may impede the
clinical application of DB-TENG. It is challenging that
drive electronic devices or achieves the efficient electrical
stimuli to the DB-TENG.

There are some methods expected to improve the per-
formance of TENG. Except for material modification,
other processes, such as high-voltage charge injection can
effectively increase the output of TENG. Besides, struc-
tural optimization can also greatly improve the output of
DB-TENG.

5.3 | Encapsulation for DB-TENG

More efficient encapsulation is required for the implant-
able or wearable TENG devices based on degradable
materials. The rapid corrosion of degradable materials
will reduce the lifetime and stability of the device. A reli-
able encapsulation is essential to TENG for wearable,
even implantation. However, the existing encapsulation
materials such as, PDMS, silica gel, epoxy resin, and
parylene all have low mechanical strength. And the
encapsulating method is only to wrap the device in mate-
rials. It is significant for future DB-TENG that build flexi-
ble and even elastic structures.

FIGURE 10 The performance
comparison of TENGs with two
degradable triboelectric layers

B

/"»t'. 1y, . Fast Degradation
o <

5.4 | Controllable degradation for
DB-TENG

The foremost challenge is the degradation control for
TENG. If the degradation is too fast, the service time can-
not meet the requirement of treatment. However, if the
degradation is too slow, it may cause security risks. Until
now, degradation control for TENG is limited. Methods
such as material methanol treatment, NIR control have
been used to regulate the degradation of DB-TENG. How-
ever, the precise control of material degradation cannot
be achieved. In the future, Physical, biological, and
chemical stimulation is promising methods to control
degradation.

However, challenges and opportunities always com-
plement each other. In the context of environmental pol-
lution and climate warming, it is an important trend that
green and eco-friendly biodegradable materials are
applied in daily life. In the future, the combination of
biodegradable materials and TENG will further promote
the development of green and eco-friendly energy
technology.

6 | CONCLUSION

In recent years, a large number of TENGs based on
degradable materials have emerged and aim to provide
green and eco-friendly energy. So far, with the
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development of biodegradable materials for TENG, a
variety of degradable materials have been discovered,
such as gelatin, chitosan, silk fibroin protein, cellulose,
and alginate. There are many self-powered applications
have been achieved, in particular, self-powered therapy
and diagnosis, and so on. From intelligent electronics to
health monitoring, the DB-TENG will affect our daily
lives in the future.

In this article, the development of TENG based on
degradable materials was concluded from the aspects of
working mechanism, material sources, and application
scenarios. According to sources, the degradable materials
used in TENG are classified into three categories:
Animal-based degradable material, such as silk protein,
chitosan, gelatin, egg white and peptide materials; Plant-
based degradable material, such as cellulose, leaves,
wood, rice paper, alginate; Artificial degradable material,
such as PVA, PLA, PLGA, PCL, and PHB/V. The charac-
teristics of these materials and their application advan-
tages in TENG are discussed. In addition, we have
classified and discussed these DB-TENG application sce-
narios. Finally, the potential challenges and prospects of
DB-TENG are introduced.

The development of TENG based on degradable
materials strongly promote next-generation green energy
technologies. It is expected to avoid pollution and haz-
ards caused by metal and hardly degradable plastic mate-
rials. There are a dozen of degradable materials
developed for TENG since the first application of degrad-
able materials to TENG. DB-TENGs have been applied in
energy harvesting, mechanics sensing, even implantable
electric stimuli. Although it is full of challenges and
requires more research and exploration, the DB-TENG
future is promising and achievable.
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