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The development of flexible piezoelectric nanogenerators has experienced rapid progress in the past
decade and is serving as the technological foundation of future state-of-the-art personalized healthcare.
Due to their highly efficient mechanical-to-electrical energy conversion, easy implementation, and self-
powering nature, these devices permit a plethora of innovative healthcare applications in the space of
active sensing, electrical stimulation therapy, as well as passive human biomechanical energy harvesting
to third party power on-body devices. This article gives a comprehensive review of the piezoelectric
nanogenerators for personalized healthcare. After a brief introduction to the fundamental physical
Received 22nd December 2021 science of the piezoelectric effect, material engineering strategies, device structural designs, and
human-body centered energy harvesting, sensing, and therapeutics applications are also systematically
discussed. In addition, the challenges and opportunities of utilizing piezoelectric nanogenerators for
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1. Introduction

With the significant progress of sensing and information net-
work technology, the Internet is no longer limited to enabling
interconnectability and interoperability on traditional smart
devices such as computers and mobile phones. Novel
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self-powered bioelectronics and personalized healthcare are outlined in detail.

technological platforms can nowadays also extend these inter-
action capabilities to everyday objects and individuals, and
gradually form an Internet of Things (IoT) paradigm covering
an ever-growing number of different aspects of human life."
Alongside the above, the development of emerging nanotech-
nology and materials science have themselves also promoted
the development of soft bioelectronics.> *® Combined with the IoT
platforms, intelligent wearable devices have been widely employed
in health monitoring,"”” " human-machine fusion,**>" artificial
intelligence,”®® and many other applications.>*>* This field has
emerged as favored by both the scientific and industrial
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communities. More specifically, with the rapid development of
5G technology, wearable bioelectronics can be connected to
each other to form sensor networks, thereby providing big data
insights for personalized healthcare with profound socioeco-
nomic impact.>**° In recent years, with the reform and devel-
opment of medical care, theragnostic models have gradually
shifted from hospital-centric to patient-centric, greatly encoura-
ging the development of wearable bioelectronics for persona-
lized healthcare.®”** with the help of popularized smart
terminals, customized flexible wearable sensors can be used
to monitor physical activities,*>™*° vital signs,>*™” and even
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infectious diseases like coronavirus,’® providing a non-invasive
and attractive dynamic health assessment and personalized
medical treatment.

Wearable bioelectronics enable the change of the current
reactive and disease-centric healthcare system to a personalized
model with a focus on disease prevention and health promo-
tion. Among them, wearable sensors, which can capture valu-
able information from the body and permit human health
monitoring, are one of the core components of a fully-fledged
Internet of Medical Things (IoMT) system. However, continu-
ous and stable power supply for these wearable devices remains

Guorui Chen is currently a PhD
student in the Department of
Bioengineering,  University  of
California, Los Angeles, under the
supervision of Prof. Jun Chen. He
obtained his BS in Materials

Science &  Engineering from
Zhejiang  University in 2020,
China.  His research  thrust

includes wearable bioelectronics,
smart textiles, and personalized
healthcare. Guorui has already
published 36 journal articles with
14 of them being the first authors in
Chemical Reviews, Nature Electronics, Matter, Advanced Materials,
Trends in Biotechnology, ACS Nano, and many others.

Guorui Chen

Dr Jun Chen is currently an
assistant ~ professor in  the
Department of Bioengineering at
the University of California, Los
Angeles. His research focuses on
nanotechnology and bioelectronics.
With a current h-index of 85, he has
published 220 journal articles, 120
of them being a corresponding
author in  Chemical Reviews,
Chemical Society Reviews, Nature
Materials, Nature Electronics,
Nature Communications, Science
Advances, Joule, Matter, etc.
Among his many accolades are the ACS PMSE Young Investigator
Award, Fellow of International Association of Advanced Materials,
Materials Today Rising Star Award, Advanced Materials Rising Star,
ACS Nano Rising Stars Lectureship Award, Chem. Soc. Rev. Emerging
Investigator Award, UCLA Society of Hellman Fellows Award, Okawa
Foundation Research Award, and many others. He is an associate
editor of Biosensors and Bioelectronics.

Jun Chen

Chem. Soc. Rev., 2022, 51, 3380-3435 | 3381


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

a major challenge. Traditionally, the standard powering
method relies on batteries, with electronic devices equipped
with independent power sources to achieve independent
operation.’*®! One way to effectively address such a challenge
is to develop self-powered sensors.®>®¢ Since the human body
yields enormous quantities of passive biomechanical energy in
the forms of physical activity, cardiac/lung motions, blood
circulation, and so on,®”’" converting these energies into
electricity could expectantly decouple wearable devices from
traditional batteries’ limited lifetime and frequent replace-
ments, eventually allowing for self-powered operations. Espe-
cially for implanted devices, self-powered devices can effectively
prevent secondary surgeries needed to replace power sources,
providing tremendous advantages and important application
prospects.”>”> Several technologies can convert these biome-
chanical energies into electrical energy, including but not
limited to the piezoelectric effect,”®® triboelectric effect,”®™®”
magnetoelastic effect,®* °" and electromagnetic effect.
Among them, piezoelectric nanogenerators (PENGs) based on
the piezoelectric effect have attracted significant attention
since their invention in 2006.°> Due to the inherent character-
istics of piezoelectric materials, PENGs can permit reversible
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conversion of mechanical energy and electrical energy, allowing
high-efficiency electromechanical coupling, a fast response
profile and simple engineered structures. PENGs can not only
act as energy harvesters,”®'°* but also provide active sensing
capabilities including in the form of tactile sensing,'®*™'"?
stress or strain sensing,***° acoustic sensing,"”'""*° and so
on. When attached to the human body, PENGs can allow the
monitoring of weak physiological signals of human
activities'*” "¢ including pulse detection,’*”**> respiratory
monitoring,'**™*! tissue elastic modulus calculation,'**'%?
blood flow monitoring,'>*"** etc. Besides these applications,
the generated electricity is also widely used for in situ electrical
stimulation,’® % cell activity modulation,"®”? tissue
regeneration, and drug delivery."® % In recent years,
with the emergence of new materials and the development of

174-183

new processing technologies, PENG technology has developed
rapidly and made significant progress in the field of energy,
sensing, and therapy.

This review intends to highlight and cover recent PENG
progress in the aforementioned three fields, with a focus
on their biomedical applications within personalized health-
care (Fig. 1)."**'°® To better promote the understanding of
PENGs and their applications in healthcare, we begin the
review with a brief introduction of the fundamental physical
science behind their working modes. Subsequently, a number
of typical piezoelectric materials are described, including inor-
ganic materials, organic materials, piezoelectric composites,
and natural piezoelectric materials. Research progress of var-
ious piezoelectric material-based bioelectronics is further cov-
ered along with real-life biomedical applications that include
on-body energy harvesting, sensing, and electrical stimulation
therapy. In the last section, the challenges and opportunities of
utilizing PENGs for personalized healthcare are outlined in
detail.
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Fig. 1 PENGs for personalized healthcare, including human body asso-
ciated energy harvesting, self-powered sensing, and electrical stimulation
therapy. Reproduced with permission from ref. 188 Copyright 2015, Royal
Society of Chemistry. Reproduced with permission from ref. 189 Copyright
2020, Wiley. Reproduced with permission from ref. 190 Copyright 2015,
Elsevier. Reproduced with permission from ref. 191 Copyright 2019, Wiley.
Reproduced with permission from ref. 192 Copyright 2020, Royal Society
of Chemistry. Reproduced with permission from ref. 193 Copyright 2013,
Royal Society of Chemistry. Reproduced with permission from ref. 194
Copyright 2019, Elsevier. Reproduced with permission from ref. 195 Copy-

right 2018, American Chemical Society. Reproduced with permission from
ref. 196 Copyright 2018, Royal Society of Chemistry.

2. Fundamental of piezoelectricity
2.1 Piezoelectric effect

The fundamental working principle of PENGs rests on the
piezoelectric effect of piezoelectric materials, first discovered
by the Curie brothers in 1880.'°” The piezoelectric effect is
characterized by a linear relationship between mechanical
strain/stress and electrical variables. When some dielectrics
are deformed under an external force in a certain direction, the
equivalent positive and negative charges appear on two oppos-
ing surfaces due to the occurrence of internal polarization.
Once the external force is removed, an uncharged state is
recovered. This phenomenon is defined as the direct piezo-
electric effect. Conversely, when an electric field is applied to
the dielectric in the polarization direction, these dielectrics also
deform. After the electric field is removed, the deformation of
the dielectric disappears. This phenomenon is called the
inverse piezoelectric effect. Those materials exhibiting the
piezoelectric effect are called piezoelectric materials. Fig. 2
depicts the mechanisms of piezoelectricity (the process to
induce polarization) and three typical piezoelectric materials.
When the polarization direction of the material (original shape)
is along the 3-direction (as shown in Fig. 2a), a direct piezo-
electric effect is produced (illustrated in Fig. 2b and c), with

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Piezoelectric materials and piezoelectricity. (a) Direction of forces affecting a piezoelectric element. Illustration of the ds3 (b) and d3; (c) working
modes. (d) Wurtzite-structure model of inorganic piezoelectric material ZnO. (e) The a- and B-phase structure of organic piezoelectric polymer PVDF. (f)

Natural piezoelectric material of M13 bacteriophage.

current flowing in an external circuit after a force is applied to
the piezoelectric material sandwiched between two electrodes
(typical structure of PENG). The direction of the applied stress
can be either along the polar axis (3-direction) or perpendicular
to it (1-direction), resulting in two common PENG configura-
tions, longitudinal mode (d33) and transverse mode (d3;). When
stress/strain is applied to the piezoelectric material in a parallel
manner along the 3-axis, and if the potential generated occurs
along the same axis, the design produced is known as d3;-mode
(Fig. 2b). If the potential generated occurs perpendicular to the
direction of applied stress/strain (1-axis), it is called the ds;-
mode as illustrated in Fig. 2c. In addition, when a piezoelectric
material is subjected to a shear force, there is another shear
mode (d;5) modality known,'® which can also permit conver-
sion between mechanical deformation and electricity. Relying
on the piezoelectric effect, PENGs can effectively convert exter-
nal strain or stress into electricity, thereby achieving energy
harvesting, vital signs sensing, electrical stimulation therapy,
and so forth.

2.2 Piezoelectric materials

Piezoelectric materials are materials that display the piezo-
electric effect, i.e., the ability to generate electrical charges in
response to applied mechanical stress, and vice versa. The key
feature of piezoelectric materials is the presence of non-
coincident positive and negative charge centers (i.e., non-
centrosymmetric materials) within the material.’**">°! Depend-
ing on the nature of the materials, piezoelectric materials can
be roughly divided into four categories: inorganic, organic,
composite, and natural piezoelectric materials. Various piezo-
electric materials have been developed for PENGs over the past
decades, such as zinc oxide (Zn0),>°*% aluminum nitride
(AIN),>'%*'* barium titanate (BaTiO;),”>" lead zirconate
titanate (PZT),>'*>'® Pb(Mg;,;Nb,/3)05-PbTiO; (PMN-PT),>'*>**
molybdenum sulfide (MoS,),”****® poly(vinylidene fluoride)

This journal is © The Royal Society of Chemistry 2022

(PVDF),>*%72% bacterial
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poly(i-lactic acid) (PLLA),>**>%7
viruses, engineered eggshell,**>*** engineered fish
scale*** and their composites.”****® Taking the typical inor-
ganic piezoelectric material ZnO as an example, its wurtzite
structure can be described as multiple alternating planes of
tetrahedral coordinates of Zn and O stacked along the c-axis, as
shown in Fig. 2d.>® In the absence of external force, the
positive charge center is localized on Zn and the negative
charge center is localized on O, with both charges balancing
each other. When stretched or compressed by external forces,
the positive and negative charge centers separate to form a
dipole that provides a piezoelectric potential. Indeed, piezo-
electricity in organic materials is generated by the process of
reorienting molecular dipoles in bulk polymers. PVDF and its
derivatives are the most studied organic piezoelectric materials,
with these being semi-crystalline polymers synthesized by the
polymerization of H,C=CF, monomers.”****° As depicted in
Fig. 2e, o and B phases are the most common conformations.
The B-phase, with a fully trans-planar zig-zag conformation, is
responsible for most of the obtained piezoelectric response,
due to its polar structure with oriented hydrogen and fluoride
unit cells along with the carbon backbone.”' For natural
piezoelectric materials, piezoelectricity mainly originates from
the ordered nature of nanocrystalline or liquid-crystalline in
biomaterials, due to the internal rotation of atomic groups
interrelated with the asymmetric carbon atoms.>** For example,
the M13 phage has a rod-shaped structure composed of o-
helical structure, with its dipole moment directed from the
amino-terminal to the carboxyl-terminal, as illustrated in
Fig. 2f. Because of the lack of reverse symmetry, the film
arranged by the M13 phage also shows inherent piezoelectric
properties.>®® In addition to the monolithic materials, the
piezoelectric composite containing inorganic materials and
polymers represents another piezoelectric material of rele-
vance. The composites combine the outstanding mechanical

Chem. Soc. Rev,, 2022, 51, 3380-3435 | 3383
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flexibility of organic polymers as well as the high piezoelectric
performance of inorganic ceramics, demonstrating an
enhanced overall performance. In recent years, significant
progress has been made in the preparation of the aforemen-
tioned piezoelectric materials as well as their applications in
self-powered wearable and implantable biomedical devices.

3. Material engineering and structural
design

With the rapid development of wearable technology, wearable
bioelectronics face mounting pressure to deliver consistently
improving mechanical and electrical performance.*” In order
to conformally fit and deform synchronously with the target
tissue (in vitro or in vivo), the engineered devices need opti-
mized flexibility and stretchability, while ensuring good elec-
trical output performance. To achieve these goals, there are two
general strategies: material engineering and structural design,
as described in Fig. 3.2°*2°° This section analyzes the prepara-
tion of different piezoelectric materials and their structural

View Article Online
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designs which are engineered to meet the performance require-
ments mandated by wearable electronics.

3.1 Inorganic piezoelectric materials

Inorganic piezoelectric materials have attracted great attention
in PENGs due to their excellent electrical output profiles. Many
inorganic piezoelectric materials have been developed for
PENG, such as the aforementioned Zn0,2°*2% AIN,>'°2'2
BaTiO3,213_215 PZT’216—218 PMN-PT,219_221 MOSZ,ZZZ_ZZG WSe,267
SnS,*®® etc. However, most of the traditional inorganic piezo-
electric materials are bulky and inherently brittle, which
restricts their application as wearable bioelectronics. To this
end, a great deal of research has been carried out around
optimizing the bending and stretching capabilities of PENGs
to achieve a high degree of flexibility while maintaining suffi-
cient electromechanical coupling efficiency. The most common
strategy is to incorporate the thinned piezoelectric films onto
flexible substrates, thereby providing the piezoelectric devices
with flexibility. One recent example involves ultra-thin PZT
films (500 nm thickness) created on an oxidized silicon wafer
through the chemical lift-off method, and subsequently
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Fig. 3 Materials engineering and structural design for PENGs. Inorganic: SEM image of patterned ZnO nanorods (left). Scale bar, 2 pm. Reproduced with
permission from ref. 254 Copyright 2014, Hindawi. SEM image of the assembled Se nanowires (right). Scale bar, 10 um. Reproduced with permission from
ref. 255 Copyright 2019, Elsevier. Organic: SEM image of PVDF nanofibers (left). Scale bar, 5 pm. Reproduced with permission from ref. 256 Copyright
2019, Elsevier. SEM images of the imprinted P(VDF-TrFE) micropillars (right). Scale bar, 30 pm. Reproduced with permission from ref. 257 Copyright 2018,
IOP Publishing. Natural: schematic of spider silk structure (left). Reproduced with permission from ref. 258 Copyright 2018, Elsevier. Schematic of a single
coat protein (right). Reproduced with permission from ref. 253 Copyright 2012, Nature Publishing Group. Composite: schematic illustration presenting
the structure of the PVDF-niobate-based PENG (left). Reproduced with permission from ref. 259 Copyright 2018, American Chemical Society. Schematic
diagram represents the structure of P(VDF-TrFE)/BNNTs nanocomposite micropillar-based PENG (right). Reproduced with permission from ref. 260
Copyright 2019, Elsevier. Interdigital: schematic illustration of interdigital PENG (left). Reproduced with permission from ref. 261 Copyright 2016, Wiley.
Schematic diagram of PENG with a cross electrode (right). Reproduced with permission from ref. 262 Copyright 2015, Wiley. Serpentine: schematic (left)
and photographs (right) of the stretchable PVDF e-tattoo. Reproduced with permission from ref. 263 Copyright 2019, Wiley. Textile: schematic of the
PVDF-based textile (left). Reproduced with permission from ref. 264 Copyright 2015, IOP publishing. Schematic of the fabric PENG (right). Reproduced
with permission from ref. 265 Copyright 2017, Springer Nature. 3D structure: SEM images of ultralow-stiffness PVYDF mesostructure (left) and 3D PVDF
mesostructure with electrodes (right). Scale bars, 500 pm. Reproduced with permission from ref. 266 Copyright 2019, Springer Nature.
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transferred onto thin flexible polyimide substrates together
with the serpentine configurations of metal traces. Such a
device was able to yield a low modulus and stretchable
mechanics.’®* Furthermore, forming the material into a wavy/
bent geometry and combining it with an elastomeric substrate
such as polydimethylsiloxane (PDMS) provided a structure that
could be stretched to a large degree of strain (~8%) without
fracture.?®*2’° In addition to the chemical lift-off method, laser
lift-off (LLO) is another effective method to obtain piezoelectric
films.**®*""*72 LLO is a dry-type transfer technique that utilizes
an excimer laser to vaporize the interface between the piezo-
electric thin film and the mother substrate, allowing for the
entire piezoelectric thin film to be detached and transferred.
Hwang et al. fabricated aerosol-deposited PZT film through the
LLO method combined interdigital electrode design, the device
exhibited good electromechanical performance.*®' The LLO
method provides a simple, stable, and large-area transfer of
high-quality piezoelectric ceramic films annealed at high tem-
perature, which has the advantages of high efficiency and large-
scale production compared to wet-etching processes. Unlike
thinning the piezoelectric film, discretizing the piezoelectric
film is another effective route to improve the flexibility of the
device. This strategy can be used to synthesize films (in the
form of nanowires or nanorods) directly onto the target sub-
strate at low temperatures through solution-phase synthesis
methods.>”>””® Due to the discontinuity of the nanowire effec-
tively preventing stress concentration during the deformation
process, the device displays an overall better flexibility.?”®**° In
addition, the nanostructure formed further enhances the effec-
tive piezoelectric constants compared to their bulk counter-
parts due to size effects,”®"*®* favoring the application of
wearable PENGs. Interestingly, Shan et al. recently reported a
gravity-driven sintering method to directly fabricate curved and
compact piezoceramics by exploiting gravitational force and the
high-temperature viscous behavior of the sintered ceramic
specimens, which was inspiring in engineering piezoelectric
ceramics for wearable applications.>*?

3.2 Organic piezoelectric materials

Among the various materials exhibiting piezoelectricity,
polymers have attracted much attention because of their out-
standing flexibility, versatile designability, low processing tem-
perature, and ease of processing over inorganic piezoelectric
materials, all of which are critical for wearable PENG. There are
many piezoelectric polymers used for PENGSs, including
PVDF,?**72%3 PLLA,*****7 poly(vinylidene fluoride trifluoroethy-
lene) (P(VDF-TrFE)),>%*72% poly(vinylidene fluoride hexafluoro-
propylene)  (PVDF-HFP),>°>*°"  poly(vinylidene  fluoride
chlorotrifluoroethylene) (P(VDF-CTFE)),”*> gelatin,>®®> polya-
mides (PA),*** polyacrylonitrile (PAN),>*%”  polyimides
(P1),>*® polyurethanes (PU),***?% etc. However, piezopolymers
have weak electromechanical coupling and low piezoelectric
coefficients, which result in low energy conversion efficiency
and sensitivity. Improving the electrical properties of piezo-
polymer materials has now become a top priority in the com-
munity. Emerging nanofabrication technologies that could

This journal is © The Royal Society of Chemistry 2022
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improve the piezoelectric response and expand the range of device
structures have been developed. For instance, PVDF is a
commonly-used organic piezoelectric material, the  phase, which
exhibits surface charge separation caused by the parallel arrange-
ment of dipoles, is the main contributor to the piezoelectric
performance. Thus, various strategies have been employed to
enhance the electrical performance brought by the presence of a
higher B phase ratio in the material,*** such as mechanical

stretching,’*> melting under high pressure,’® thermal
annealing,*** external electrical poling,>' and ultrafast
cooling.>* Among them, electrospinning based on external elec-

trical poling can produce piezopolymers in the form of nanofibers
and nanowires with enhanced piezoelectric properties, which has
been widely investigated. By rationally designing collectors and
parameters, fibers can also be arranged in various forms, such as
random mats,***%” aligned strands,’*®?% highly-aligned
arrays,”"® nanoribbons,>' or woven/knitted into textiles.*'>"'®
These strategies are helpful for the functional design and perfor-
mance improvement of piezoelectric devices. Additionally, the
polar electroactive phase can also be promoted in PVDF by
employing an external filler in the absence of electrical
poling.*"*?*! In terms of structural design, nanotemplate con-
finement is an effective strategy, as immersing PVDF in an
anodized aluminum template (AAO) permitted the formation of
a random array of PVDF nanowire arrays to significantly increase
the B-phase content of the polymer.>**?**3>3 This approach is
brought about as the stress induced by the nanotemplate pro-
motes the transition from the o to the f-phase. In addition to this
approach, various kinds of micro/nanostructures, such as
324325 micropillars,**>**® pyramid-shaped films,*** ser-
structures,”®*?**”  curved  structures,’®®  porous
329330 twisted yarns®*'2** have also shown enhanced

nanowires,
pentine
structures,
outputs. Furthermore, introducing pores into polymers to
form piezoelectrets through polarization is another effective
method to obtain organic piezoelectric materials with high
performance.>**% Interestingly, Yuan et al. recently reported a
3D-printed multilayer B-phase P(VDF-TFE) copolymer which does
not require high-temperature annealing or complicated transfer
processes to yield high performance and exhibits a much higher
effective piezoelectric coefficient output (d;3 ~ 130 pC N~ for six
10 pm layers)."®> This approach provides yet another convenient
method for the preparation of high-performance wearable
devices. Furthermore, transforming these planar structures into
complex three-dimensional (3D) frameworks could provide novel
operation modes,**® demonstrating the untapped potential of
PENG-related applications and attracting widespread attention.
Indeed, Yang et al. recently demonstrated that the copolymeriza-
tion of pyromellitic dianhydride with p-phenylenediamine and a
specially designed NH,-ended imidazole ionic liquid could yield a
device with a piezoelectric coefficient of ds; as high as 420 pC N,
indicating great potential for wearable applications.**®

3.3 Piezoelectric composites

Piezoelectric composites comprising mainly inorganic and
organic materials are also of interest. Since desired properties
can be achieved by adjusting the ratio of the component
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materials, extensive research has been conducted in recent
years in this space. In general, piezoelectric composites com-
bine the good mechanical flexibility of piezoelectric polymers
and the outstanding electrical properties of inorganic piezo-
electric materials, offering materials with a decent comprehen-
sive performance that can be used in an even wider range of
applications.*****° Various alternative concepts for piezoelec-
tric composite have been developed, including those incorpor-
ating fillers of different morphologies into the polymer matrix,
to construct 0-3 (fillers in form of nanoparticles),**' 3> 1-3
(fillers in form of nanowires, nanotubes, or fibers),*>*~**® or 2-2
(fillers in form of nanosheets or laminates) geometries.>*"*>°
Both the filler and the polymer matrix can be piezoelectric
materials or non-piezoelectric materials, in the form of three
combinations of piezoelectric composites: piezoelectric fillers
and non-piezoelectric polymers; non-piezoelectric fillers and
piezoelectric polymers; and piezoelectric fillers and piezoelec-
tric polymers. Piezoelectric fillers and non-piezoelectric poly-
mers, mainly include mixed piezoelectric nanomaterials
such as BaTiO;, PZT or potassium sodium niobate (KNN) with
non-piezoelectric polymers such as PDMS, rubber or epoxy
resin to reduce the brittleness of ceramic materials.?**>%*
In contrast, non-piezoelectric fillers and piezoelectric polymers
mainly contain conductive materials (rGO, Ag NPs, carbon
nanotubes, graphene),>**>”> metal oxides (MgO, TiO,, Fe;0,,
CoFe,0,)**7® or other materials (MXene,””® sugar,®®°
MAPbI;,**° polyaniline®®') within piezoelectric polymers like
PVDF or P(VDF-TrFE), enhancing the dipole polarization of
the polymer to improve the electrical output performance of
the composites. When both the fillers and the polymers are
piezoelectric, the resulting composites not only improve
mechanical flexibility but also enhance electrical output per-
formance via the piezoelectric synergy.'®>?**®*8%3%3 In addition,
much like piezoelectric polymers, many piezoelectric compo-
sites are also suitable for massive production using solvent-
assisted extrusion technology, i.e., electrospinning and 3D
printing, 923423847387 oreatly facilitating the design and large-
scale fabrication of wearable piezoelectric devices.

3.4 Natural piezoelectric materials

Although the previously discussed inorganic piezoelectric mate-
rials, polymers, and composites have been well developed, their
fabrication processes often involve the use of some environmen-
tally unsafe components (such as heavy metal ions, organic
solvents), which are largely limited for on-body applications,
especially implantable devices. More interestingly, piezoelectricity
has been found in many natural materials, such as wood,**®
bone,***?% tendons,*** viruses,>**?*" eggshells,>***** spider
silk,**® fish scales,>** porcine skin,*** chitin,****** amino
acids,®”  peptides,®®®  deoxyribonucleic acid (DNA) and
proteins.**”*%° Such nature-driven nontoxic, biodegradable piezo-
electric materials have emerged as a new paradigm toward the
development of next-generation wearable and smart electronic
systems. However, natural piezoelectric materials usually exhibit
weak piezoelectric properties with inherently uncontrollable
shapes. In this situation, synthetic natural piezoelectric materials
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with designable structures and better piezoelectric properties have
attracted an ever-growing amount of research efforts. Among
many natural materials, the M13 bacteriophage has been identi-
fied as the most attractive candidate for the development of
wearable PENGs due to its unique structure (Fig. 2f). To improve
its electrical performance, one effective strategy is to modulate its
film morphology through a self-templating assembly process of
two- and three-dimensional hierarchical nanostructures.>*
Another method is to change the alignment direction of the
phage. Via these modifications, the electrical output performance
of M13 bacteriophage-based PENG was increased 2.6-fold when
the phage was vertically aligned to construct nanopillars using
enforced infiltration.**® Some hybrid methods have also been
explored to improve the electrical performance of M13 phage-
based PENG. For instance, by combining the self-assembly of
phages in a microfluidic channel, and the surface modification of
phages through genetic engineering, the electrical output could
be significantly enhanced to 2.8 V, about 100 times higher than
that of in-plane aligned phages.**® Recently, Guerin et al. obtained
high shear piezoelectricity (178 pm V') in the amino acid crystal
B-glycine through efficient packing of the molecules along certain
crystallographic planes and directions, which has further
advanced the utility of natural piezoelectric materials.**® In addi-
tion, the biocompatibility and biodegradability of these natural
piezoelectric materials are highly beneficial for implantable appli-
cations, suggesting that PENGs using natural piezoelectric mate-
rials show great potential for healthcare applications.

3.5 Outlook on piezoelectric materials

As elaborated above, great progress has been made in both
material design and structural design for piezoelectric
materials. Recently, the piezoelectric properties of many
new materials have also been discovered, including for
materials: MXene,*** ZnPc,*** black phosphorus,*®® selenium
nanowires,?*® tellurium nanowires,*** monolayer hexagonal
boron nitride,*®® single-component organic ferroelectric?®®
etc. On this basis, the electrical and mechanical performance
of the PENG has been further improved and expanded to fulfill
more unconventional requirements, showing a promising
application prospect in wearable bioelectronics, though several
challenges that limit their further development must still be
addressed.

Materials. In recent years, with the in-depth study of the
morphotropic phase boundaries (MPBs) theory, both in cera-
mics and polymers, many piezoelectric materials with ultrahigh
electrical properties have been obtained.*°”*'® A recent report
demonstrated that rhombohedral PMN-PT crystals could
simultaneously achieve an ultrahigh piezoelectric coefficient
of d3; (>2100 pC N~ ') and perfect transparency via domain
engineering, which are highly desirable for wearable
applications.”"’ Meanwhile, with the rapid development of
molecular piezoelectric materials, a series of novel metal-free
organic perovskite piezoelectric materials exhibiting excellent
piezoelectricity of 1500 pC N™' (stronger than PZT) without
high-temperature sintering, have been developed, making
them an attractive choice for a variety of applications in flexible
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and wearable devices.*'**1%

However, the relevant applications
of such high-performance piezoelectric materials in PENGs are
barely reported, further development and exploration are
highly recommended. In particular, the degradable properties
of piezoelectric materials are extremely advantageous for wear-
able devices, especially for implantable devices, and should be
further investigated.*'®*'” Indeed, most of the current biode-
gradable piezoelectric materials are natural piezoelectric mate-
rials with weak electrical performance, thus further research on
improving their electrical performance is of paramount
importance.

Preparation. At present, the most widely used high-
performance inorganic piezoelectric materials are lead-based
materials (mainly PZT). Despite its excellent piezoelectric prop-
erties, PZT contains heavy metals (Pb), which seriously limits its
applications in wearable and implantable electronics. In this
regard, Pb-free piezoelectric materials, such as BaTiO;,>"*>"
KNN, 8419 (Na, sBig 5)TiO5-BaTiO3,** etc., have been devel-
oped and exhibit electrical properties comparable to those of
PZT. Nevertheless, most inorganic piezoelectric materials
require high-temperature sintering during manufacturing,
such as high-performance BaTiO;-based ceramics that can only
be prepared at a temperature of ca. 1450 °C.**" This high-
temperature requirement is a major obstacle for wearable
applications. In addition, although some materials are natu-
rally piezoelectric, most piezoelectric materials need to be
repolarized with high-voltage electric fields to yield better
electrical properties, whether inorganic, organic, natural piezo-
electric materials or piezoelectric composites. Solutions on how
to lower the high-temperature and high-voltage electric fields
required in the preparation process of piezoelectric materials
remain an urgent challenge.

Working mode. It is well known that the piezoelectric
coefficients of most piezoelectric materials have a magnitude
relationship in the order of d;5 > d3; > d5;.**> For example, the
piezoelectric coefficient d;5 of bulk PZT was reported to be
494 pm V', larger than the other piezoelectric coefficients ds;
(223 pm V') and d3; (—93.5 pm V_').*>* However, most devices
are currently operating in either the dz; or the d;; mode,
whereas fewer tests using the d;s shear mode have been
performed. If the piezoelectric response to the d;s mode were
to be explored, a better piezoelectric output could perhaps be
obtained, which in turn could improve the device’s perfor-
mance and applicability. Hence, establishing novel ways to
develop piezoelectric devices in various modes through struc-
tural or material design, is also worth exploring.

Mechanism. Since the discovery of piezoelectric materials,
plenty of research has been conducted to understand the
underlying working mechanism.**>*%>*4°42¢  por linear
elastic regular crystals, there exists a continuous piezoelectric
equation that can quantitatively describe the relationship
between force and electricity coupling.*”” However, to date,
no definite theoretical model can quantitatively describe the
electromechanical coupling relationship of doped piezoelectric
materials or piezoelectric composites. Although many reports
attribute the performance improvement to the piezoelectric
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synergy,'9*?*%?82:383 the underlying mechanism is indeed
unclear. The contribution of different material components to
the electromechanical coupling performance also needs to be
decoupled to enable better material and structural design.
Moreover, a major issue for semiconductor-based piezoelectric
materials is the presence of the screening effect®”***47*3* due to
the presence of free carriers within the semiconductor, which
will screen piezoelectric charges, subsequently reducing the
electrical output. Therefore, establishing the mechanism of
screening effect and providing a more fundamental solution
for suppressing the screening effect are answers urgently
required to optimize the performance of PENGs.

4. PENGs for energy harvesting

Due to their outstanding electromechanical coupling perfor-
mance, piezoelectric materials can effectively convert mechan-
ical energy into electrical energy and have thus been primarily
developed for energy harvesting. The abundant biomechanical
activities of the human body including walking, running, limb
movement (e.g., finger bending), and even the heart beating,
can provide rich passive energy sources for PENGs. Medical
devices currently implanted in the human body, such as cardiac
pacemakers, defibrillators, brain stimulators, and cochlear
implants, all rely on conventional batteries that are limited in
use because of inherent factors linked to capacity, size, and
lifespan, rendering their use problematic.'®*****3*> The emer-
gence of PENGs provides a good solution to these shortcom-
ings. In the past few years, researchers have conducted
numerous studies to convert passive biomechanical energy into
electrical energy through PENGs to provide a power supply for
low-power electronic devices. In this section, the most recent
research on the harvesting of passive biomechanical energy
from human activities by PENGs using different piezoelectric
materials is discussed.

4.1 Inorganic materials-based PENGs

PENGs based on inorganic piezoelectric materials have been
extensively studied given their excellent electrical output per-
formance. However, most traditional inorganic piezoelectric
materials are bulky, inherently stiff, and brittle, unable to
withstand sizable deformations. A common strategy used to
address such limitations is to integrate the bulky piezoelectric
material into locations that are subjected to relatively con-
trolled deformations, such as footwear, and permit the harnes-
sing of energy from human walking or running.*****! The
focus of these studies revolved mainly around structural design
modifications. For example, Qian et al. embedded piezoelectric
stacks composed of PZT to amplify the vertical heel-strike force
for higher energy conversion efficiency of the PENG
harvester.**> However, these devices can only respond to rela-
tively large external forces and endure only relatively small
deformations. To further improve the flexibility of the device,
Yang et al. proposed a PENG based on a single ZnO nanowire,
completely different from the traditional bulk piezoelectric
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Fig. 4 Inorganic piezoelectric materials based energy harvesting. (a) Schematic diagram of ZnO nanowire-based PENG attached to a human index

finger and bent with the finger. Reproduced with permission from ref. 443 Copyright 2009, American Chemical Society. (b) /-V characteristics of the
PENG. The inset illustrates the schematic of the PENG and its connection configuration about the measurement system. Reproduced with permission
from ref. 444 Copyright 2010, Wiley. (c) Open-circuit voltage generated by PENG when the finger was periodically bent back and forth. Reproduced with
permission from ref. 443 Copyright 2009, American Chemical Society. (d) Schematic illustration of wearable applications using a flexible PZT energy
harvester. Reproduced with permission from ref. 458 Copyright 2019, Elsevier. (e) Schematic diagram of the fabrication process for a flexible PZT thin
film-based PENG using the LLO method. Reproduced with permission from ref. 216 Copyright 2014, Wiley. (f) Photograph of a flexible PZT energy
harvester bent by tweezer. Scale bar, 1 cm. Reproduced with permission from ref. 458 Copyright 2019, Elsevier. (g) Photograph of a piezoelectric
composite bent by human fingers and cross-sectional SEM image of the piezoelectric composite on the elastic skeleton. Scale bar, 50 pm. (h) Schematic
view illustrating different implantation sites. (i) The output performance of implanted PENGs in series (upper) and parallel (lower) mode from different

implantation sites. Reproduced with permission from ref. 472 Copyright 2019, American Chemical Society.

material.**® In this approach, the two ends of the single ZnO
wire (diameter was 100-800 nm with lengths of ~100-500 pum)
were placed in contact with metal electrodes, laterally bonded,
and packaged on a flexible substrate, as shown in the lower part
of Fig. 4a. The deformation of the ZnO wire generated piezo-
electric potential within the wire via piezoelectricity, much like
the ZnO which wire acted as a charge pump to drive electron
flow back and forth in the external circuit. The as-fabricated
ZnO wire-based PENG exhibited Schottky behavior as shown in
the I-V characteristic curve (Fig. 4b), with piezoelectric
potential effectively preserved.*****> When the ZnO wire was
attached to the joint of the index finger, irregular finger motion

3388 | Chem. Soc. Rev,, 2022, 51, 3380-3435

could produce a voltage up to 25 mV, as shown in Fig. 4c. Since
then, more research efforts have led to the development of
nanowire-based PENGs.**® For instance, Zhang et al. reported a
ZnO-nanorods patterned textile used to harvest biomechanical
energy via means of palm clapping or finger bending.**”
Similarly, a PENG built with a single 0.65PMN-0.35PT nanowire
could generate a current of 1.5 nA via bending motions.**®
Jin et al. recently reported a PENG developed with vertically
aligned PZT nanorod arrays, which could generate a voltage
up to 8 V when tapped with a human finger.**° Indeed, a
large number of studies have adopted a similar method
of discretizing traditional bulk piezoelectric materials into
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nanowires, nanorods, nanotubes
to realize flexible energy harvesting.

To further improve the mechanical flexibility of PENGs,
incorporating thin piezoelectric films onto flexible substrates
is another effective strategy.””>™**” For instance, Park et al
developed a flexible energy harvester based on an eco-friendly
BaTiO; thin film which was built through radiofrequency
magnetron sputtering and soft lithographic transfer.”'*
Although this device exhibited a certain degree of flexibility,
the output performance was low (voltage of ~1.0 V and current
of ~26 nA), limited by the narrow horizontal length of the
piezoelectric active regions. To overcome this limitation, a
large-area PZT thin film was developed on a flexible substrate
through a laser lift-off process, a widely commercialized tech-
nique that can be used to detach functional film from sapphire
substrates (Fig. 4e).>'® With the flexibility of such a substrate,
PZT thin-film PENGSs can readily collect energy from small-scale
human motions, such as from elbow movements (conceptua-
lized in Fig. 4d).*>® When a 2 um PZT film was combined with
lateral interdigitated electrodes, the resulting device exhibited
high flexibility and durability upon bending (Fig. 4f), facilitat-
ing eventual attachment to clothing or human skin. When the
interdigitated electrodes were designed with an electrode width
of 100 pm and inter-electrode gap of 100 pm, an open-circuit
voltage of 165 V and a short-circuit current of 1.5 pA could be
obtained via continuous cyclical bending/relaxing motion
(Inset of Fig. 4f).

In addition to converting biomechanical energy from
motions of joints and limbs, including the finger,""%*>%*%
jaw,*®! elbow,***%%? ankle,**® knee?®*™*®” or shoulder,
PENGSs can also be used to harvest energy within the body, by
coupling to motions generated by the heartbeat,'®914
respiration,'®® internal muscle contraction,*****+*7°
blood circulation.’®>*”* Typically, Dagdeviren et al. proposed
a PENG based on multilayered PZT ribbon, which could yield
high-efficiency mechanical-to-electrical energy conversion from

287,468

even

the natural contraction and relaxation of the heart, lungs, and
diaphragm.'®* This as-fabricated PENG generated ~4.32 V out-
put when exposed to a heart rate of 120 beats per minute. To
further enhance the electrical output, Hwang et al. constructed
a flexible PENG based on single-crystalline 0.72PMN-0.28PT
thin film via a mechanical Ni exfoliation process.>'® The
resulting device converted minimal biomechanical motion
and mechanical deformation into electric energy, reaching
0.223 mA in current and 8.2 V output voltage peaks. Recently,
Li et al. worked a double-layered implantable PENG (Fig. 4g), in
which the same single-crystalline 0.72PMN-0.28PT with a thick-
ness of 50 um served as the piezoelectric layer.’”> This piezo-
electric layer was bonded on the elastic skeleton of PET to give
it flexibility, and no visible resulting damage was detected
despite the piezoelectric layer being bent to curvature of
~200 m~'. When the device was implanted at the apex (AP)
of the heart (Fig. 4h), the maximal output voltage of ~20 V was
yielded in the series mode, and the maximal output current of
~15 pA was yielded in the parallel mode (Fig. 4i). Using this
approach, the researchers were able to power a commercial
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cardiac pacemaker utilizing said implantable PENG, an
impressive step toward fabricating a self-powered cardiac
pacemaker.

4.2 Organic materials-based PENGs

Compared with inorganic piezoelectric materials, piezoelectric
polymers are very popular in the field of wearable energy
harvesting because of their excellent flexibility. Numerous
works have been reported on piezoelectric polymer-based
energy harvesters that can scavenge biomechanical energy from
human activities, especially those based on PVDF-related
polymers.*”>~*”® Owing to their structural flexibility and proces-
sing simplicity, the polymer can be easily fabricated into thin,
light, and flexible film systems. For instance, Zhao et al. devel-
oped a shoe-embedded PVDF energy harvester by mounting an
8-layer PVDF film on the inner sole responsible for gathering
energy under the heel of the foot.*”® With a brisk walk at 1 Hz, a
peak power of 4 mW could be obtained by this prototype.
However, such films are relatively thick and less flexible. Pi
et al. adopted the spin coating method to prepare thinner
P(VDE-TrFE) film as the functional layer of a PENG.?*® The as-
prepared nanogenerator exhibited an open-circuit voltage of up
to 7 V and a short-circuit current of 58 nA. Compared with the
aforementioned thick film, the spin-coated film showed better
flexibility, although its flexibility was still undermined by the
substrate. To further improve the performance, polymer films
with well-controlled nanostructures can be designed. Mao et al.
presented a large-area sponge-like PENG based on the meso-
porous PVDF thin-film, made through a simple casting-etching
process in the wafer scale, as illustrated in Fig. 5a.**° This
device could be directly attached to a body surface, such as a
finger (Fig. 5b), and can effectively convert the mechanical
energy of surface oscillations into electrical energy, enabling
energy harvesting.*®" Alongside this example, a surface mor-
phology engineering technology alternative was proposed to
enhance the output performance of a PENG, based on P(VDF-
TrFE) film, using a simple solvent annealing method at room
temperature.”®® This surface morphology engineered PENG
presented 8 times enhanced output voltage and current due
to its well-aligned electrical dipoles. When the device was
attached to a wrist, the movement of the wrist could generate
a peak-to-peak voltage of up to 3 V. To further improve the
electrical output performance, large strain stretching and high
electric field polarization have also been proved to be effective
approaches. Yu et al. demonstrated that electrospun PVDF
nanofibers could effectively harvest the energy generated dur-
ing walking or running when fabricated inside an insole.>*® The
large squeezing force and the high electric field of electrospin-
ning simultaneously provided in situ mechanical stretching and
electrical polarization for the o-to-B-phase transition of PVDF.®°
Furthermore, Zhang et al. designed 3D interdigital electrodes to
optimize the performance of flexible PENGs based on aligned
P(VDE-TrFE) nanofibers.*®* As illustrated in Fig. 5c, the aligned
P(VDF-TTFE) nanofibers were directly electrospun onto the 3D
interdigital electrodes and encapsulated in PDMS. From the
cross-section of the grooves in PDMS (Fig. 5d), it was obvious
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Fig. 5 Organic piezoelectric materials based energy harvesting. (a) Schematic procedure for fabricating mesoporous piezoelectric PVDF thin films. (b)
Photograph of the mesoporous PVDF thin film adhered to the finger surface. Reproduced with permission from ref. 480 Copyright 2014, Wiley. (c)
Schematic of a PENG based on aligned nanofibers and 3D interdigital electrodes. (d) Photomicrograph of a cross-section of the grooves in PDMS. Scale
bar, 500 pm. (e) The output voltages generated by a person walking slowly. Reproduced with permission from ref. 482 Copyright 2019, Elsevier. (f)
Schematic diagram of PENG used in vivo when wrapped on the aorta. (g) Photograph of the device showing its flexibility and wrapping on the ascending
aorta of a pig (upper part). Output voltages of the device varying with different pressure applications (lower part). (h) System diagram and photo of LCD lit

by a PENG when the systolic blood pressure was higher than 140 mmHg. Reproduced with permission from ref. 155 Copyright 2016, Elsevier.

that the structure of the groove was consistent with an inverted
micropatterned quadrangular frustum pyramid. Both the gaps
and sidewalls of micropatterns were all filled with aligned
P(VDF-TTFE) nanofibers, an addition that further increased
contact area between P(VDF-TrFE) nanofibers and 3D interdi-
gital electrodes, resulting in improved electrical output perfor-
mance. When wearing the fabricated PENG in a shoe, slow
walking could yield a peak-to-peak voltage of up to 15 V, as
shown in Fig. 5e.

In addition to the 3D electrode, Christine et al. demon-
strated that using a melt-spinning process to weave 100% PVDF
fibers into two-dimensional (2D) or three-dimensional (3D)
braided fabrics, can also optimize the electrical output of the
device.*®® More interestingly, Han et al. recently reported a
sophisticated 3D piezoelectric microsystem based on PVDF that
can work in complex motion patterns, thereby creating more
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opportunities for energy harvesting, especially when applied to
small-scale systems.>*® Due to the nonlinear deformations from
the 3D structure, the device can harvest energy from broadband
motions. When the device was attached to the dorsal surface of
the hand, a peak voltage >0.5 mV could be produced via an
alternating closed fist/open hand motion. Indeed, after implan-
tation of this device by the hind leg region of a mouse, a peak
amplitude around 1 mV could be induced using trotting or
climbing motions, with the 3D structure architecture providing
more deformation capabilities than its 2D counterpart (in
specific cases). In addition to this 3D structured PENG, many
other polymer-based PENGs have been reported to collect a
larger amount of kinetic energy in vivo that is not normally
utilized. For example, Cheng et al. evaluated the feasibility and
efficacy of a PVDF film-based implantable PENG to collect the
energy produced by blood circulation (schematically shown in
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Fig. 5f).">° The device was wrapped onto an ascending porcine
aorta, as shown in the upper part of Fig. 5g. The corresponding
output voltage produced by the device showed similar peak flow
pressure variation tendencies in the in vitro experiment, as
shown in the lower part of Fig. 5g. The device was wrapped onto
the aorta and a battery-free liquid crystal display (LCD) was
fixed onto the porcine thoracic wall for in vivo demonstration.
When the blood pressure exceeded 140 mmHg, the LCD could
be turned on to display the systolic blood pressure of the
animal, validating how such a set-up could be used to predict
the risk of hypertension (Fig. 5h).

In addition to the above materials and engineering
solutions, polymers filled with oval-shaped air voids also exhi-
bit strong piezoelectricity after charging. These materials,
collectively known as piezoelectret, have aroused much
141,335,484 with outstanding mechanical property, Li
et al. presented a PENG based on a cellular polypropylene
piezoelectret,*®® which could be folded, allowing a doubling
of the piezoelectric coefficient dz;, compared to its unfolded
state. When a PENG composed of 7 piezoelectric layers was
pressed by hand, the output voltage and current could reach

attention.

higher than ~50 V and ~5 pA, respectively. As a result, the
device was able to simultaneously power 20 LEDs upon
pressure-driven activation. On this basis, Luo et al. fabricated
a flexible insole with 80 layers of cellular PP, which was able to
power a commercial ZigBee wireless transmitter via electricity
generation from every 3 to 4 footsteps.*®® Apart from the
polymers discussed above, other polymers such as PAN, PI,
and PU also display piezoelectric properties and show potential
in wearable energy harvesting.>?>3%

4.3 Piezoelectric composites-based PENGs

In order to obtain better overall performance, the preparation
of piezoelectric composites is a compelling strategy, which
combines the advantages of inorganic materials (e.g., strong
polarity, fast response) and organic polymers (e.g., good flex-
ibility, easy processability). This strategy has been extensively
adopted to fabricate flexible PENGSs, especially for wearable
energy harvesting.*®”~*°® As discussed in Section 3.3, there are
three different combinations of piezoelectric composites
depending on the piezoelectric properties of the filler or matrix.
In the case of piezoelectric fillers and non-piezoelectric poly-
mers, some flexibility can be obtained at the expense of the
piezoelectric properties of inorganic piezoelectric fillers. Li
et al. blended the Bi Tiz;O;, nanoplates and PDMS to form
sandwiched multilayers to serve as piezoelectric functional
layers, which could bend with arm.**” In another work, Zhang
et al. reported a high-performance flexible PENG consisting of
3-D cellular-structured PZT ceramic foam filled with PDMS, as
shown in Fig. 6a.>'® Through a versatile preparation process,
this 3D composite film could be conveniently fabricated over
large areas and easily stretched/bent by fingers without damage
(Fig. 6b), yielding output voltages ranging from ~22 to ~65V
as the tensile strain increased from 5% to 15% (Fig. 6c).
Almusallam et al. demonstrated that the composites of PZT
nanoparticle and polymeric binder were printable and could
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harvest energy via forming an active film on textile surfaces.**®
When they are non-piezoelectric fillers and piezoelectric poly-
mers, the materials are inherently flexible and the polarization
orientation of the piezoelectric polymers is enhanced by the
fillers to obtain higher piezoelectric properties. For instance,
Dutta et al. developed a NiO@SiO,/PVDF nanocomposite with
the enhanced piezoelectric output due to the electrostatic
interaction between the negatively charged surface of NiO@-
SiO, nanoparticles and the positive -CH, group of PVDF, as
schematically shown in Fig. 6d.*°° In addition, the piezoelectric
properties of the composite could be further enhanced when
both the filler and the polymer are piezoelectric, due to the
presence of piezoelectric synergy. For instance, both the piezo-
electric BaTiO; and PVDF were adopted to electrospun core-
shell structured piezoelectric nanofibers, as shown in Fig. 6e.>*°
The introduction of inorganic nanoparticles into the core and
shell of the composite nanofibers (Fig. 6f) was capable of
effectively enhancing the piezoelectric response and polariza-
tion effect. Similarly, Zhang et al. developed a fully lead-free
PVDF-niobate-based PENG with enhanced performance
through the formation of a polymorphic phase boundary.>*°
Although such devices offer certain flexibility, they cannot be
stretched. In this regard, Siddiqui et al. fabricated a stretchable
PENG by combining the piezoelectric nanofibers and graphite
electrode on a PDMS stretchable substrate.’*" Due to the
stacked structure of the multiple free-standing nanofiber
layers and the omnidirectionally stretched substrate, the
designed PENG could deliver the highest peak power density
of 1.76 uW cm™? when subjected to a 40% stretching strain.
Jeong et al. developed a hyper-stretchable energy harvesting
device based on an elastic composite consisting of PMN-PT
particles, multi-walled carbon nanotubes and silicone
rubber.**® This highly elastic PENG could generate an electrical
output under various mechanical deformations (e.g., twisting,
folding, and crumpling) with a stretchability that reached up to
300%. Interestingly, based on a template-assisted sol-gel
method, a three-order hierarchical piezoceramic-polymer tex-
tile was constructed by intertwining multiple ceramic fibers at
the submillimeter scale (Fig. 6g).°°> As a result, the introduc-
tion of the hierarchical porous structure led to larger mechan-
ical deformation, greatly improving the electrical output.
Recently, Gu et al. proposed a three-dimensional intercalated
electrode design to further improve the output performance of
the PENG,>* as shown in Fig. 6h. Here the piezoelectric
composite was sandwiched between multiple pairs of electro-
des, a radically different approach from the traditional 2D
interdigital electrode. Under an external force, the small cur-
rent generated in each unit could be combined to form a large
output current via the designed 3D intercalation electrodes.
When this composite was spin-coated into a thin film, the
device could be placed directly under the insole cushion of a
shoe to act as a human-motion-driven power source, showing
great potential in scavenging biomechanical energy from low-
frequency human motions such as walking or elbow joint
movement, as schematically illustrated in Fig. 6i. Generally,
compared with inorganic piezoelectric ceramics and organic
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Fig. 6 Piezoelectric composites based energy harvesting. (a) Schematic diagram of a 3D interconnected piezoelectric ceramic foam-based PENG.
(b) Photograph of a large-area 3D piezoelectric composite. Scale bar, 5 cm. (c) The output voltages of the 3D piezoelectric composite under different
stretching strains. Reproduced with permission from ref. 218 Copyright 2018, Royal Society of Chemistry. (d) Schematic of the proposed B phase
formation mechanism. Reproduced with permission from ref. 499 Copyright 2018, American Chemical Society. (e) TEM image of a core-shell
piezoelectric nanofiber. Scale bar, 500 nm. (f) Schematic of a single unit of electronic skin. Reproduced with permission from ref. 500 Copyright 2020,
Elsevier. (g) Schematic illustration of the HIPT composite based on a hierarchical PZT ceramic framework and a P(VDF-TrFE) coating film, with Cu mesh
as the electrodes. Reproduced with permission from ref. 502 Copyright 2021, Wiley. (h) Schematic diagram of the Sm-PMN-PT-based PENG with a 3D
intercalation electrode. Reproduced with permission from ref. 503 Copyright 2020, Nature Publishing Group. (i) Illustration of the proof-of-concept of

fabricated electronic skin for joint motion energy harvesting. Reproduced with permission from ref. 500 Copyright 2020, Elsevier.

piezoelectric polymers, piezoelectric composites could simulta-
neously maintain decent electrical output and mechanical
flexibility, allowing devices using these materials to exhibit
better overall performance.

4.4 Natural piezoelectric materials-based PENGs

Compared to the previously discussed piezoelectric materials,
natural piezoelectric materials are often compelling due to
their high uniformity and degradability. Previous studies have
shown that hierarchically structured natural materials (such as
bones, tendons, viruses, polypeptides, or amino acids) can
exhibit piezoelectric properties which can also be used for
energy harvesting. For instance, Lee et al. demonstrated that
the piezoelectric properties of M13 bacteriophage could be
employed in energy harvesting applications.”® Structurally,
the M13 phage is rod-like in shape (Fig. 7a) and covered by
major and minor coat proteins with a net dipole moment along
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its axial direction (Fig. 7b). Because its aligned protein coat
structure lacks inversion symmetry, the phage film of ~100 nm
thick demonstrated a ds; value of up to 7.8 pm V', On this
basis, Shin et al assembled vertically aligned phages via
enforced infiltration methods with a porous template to further
enhance piezoelectricity, as illustrated in Fig. 7¢.** With
repeated infiltration processes, the phages were continuously
captured in the channel of the template, leading to the for-
mation of phage nanopillars (Fig. 7d) and a three-fold increase
in ds;; compared to film-type phages, suggesting feasibility for
energy harvesting. Such protein-based materials are of great
interest due to their abundant availability, ease of processing,
and longitudinal piezoelectric sensitivity. For example, the
piezoelectric response of spider silk at the molecular level
was investigated by the Khatua group,>”® with the topography
image of nature-driven spider silk illustrated in Fig. 7e. The
aligned microfibrils of spider silk could induce piezoelectric

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Natural piezoelectric materials based energy harvesting. (a) Schematic of the piezoelectric M13 phage structure after the bioengineered
modification with four glutamate amino acids. (b) Schematic depicting piezoelectric properties of phage with randomly mixed dipoles through the axial
direction of the monolayer. Reproduced with permission from ref. 253 Copyright 2012, Nature Publishing Group. (c) Schematic of the enforced
infiltration for the assembly of the vertically aligned M13 phages. (d) Schematic illustration of the phage nanopillar formation controlled by repeated
infiltration in the porous template. Reproduced with permission from ref. 240 Copyright 2015, Royal Society of Chemistry. (€) Schematic of spider silk
structure (left). SEM image of natural spider silk (upper right). Scale bar, 20 pm. Topography image of spider silk (lower right). (f) The output voltage
generation of a PENG subjected to external applying force. (g) The power generated from 3 units in series instantly lit up green and blue LEDs.
Reproduced with permission from ref. 258 Copyright 2018, Elsevier. (h) Polarization and electric field curves of unpolarized ESM. (i) Pressure-dependent
output voltage. Reproduced with permission from ref. 242 Copyright 2018, Elsevier. (j) Digital photograph of a wafer-sized piezoelectric glycine-PVA film.

Reproduced with permission from ref. 506 Copyright 2021, The American Association for the Advancement of Science.

properties under mechanical stress via crystal deformation
processes. Experimental results showed that the energy harvest-
ing performance of spider silk strongly depended on the
applied mechanical force (Fig. 7f). For a more intuitive display,
the authors connected the devices in series by assembling them
layer by layer, and they were able to light up 55 LEDs (30 green
and 25 blue) with the generated energy, as shown in Fig. 7g.
Furthermore, Karan et al. demonstrated that bio-waste porous
eggshell membrane (ESM) could also be utilized as an efficient
piezoelectric material.>*> From the polarization-electric field
hysteresis loop (Fig. 7h), the remnant polarization of ESM was
about 0.46 pC cm™ >, with a correspondingly calculated piezo-
electric coefficient of ~19.3 pC N~ . The output voltage of the

This journal is © The Royal Society of Chemistry 2022

device showed a strong dependence on the applied pressure, as
seen in Fig. 7i, and was able to perform electromechanical
conversion effectively. Through hand punching, a capacitor (10
mF) was charged up to ~10.3 V within 105 s by the ESM-based
PENG, demonstrating fast-charging capabilities. Alongside
ESM, many other natural materials such as fish skin,"*° fish
bladder,’** prawn shell,*® crab shell*** have also been devel-
oped as energy harvesters. Recently, Yang et al. presented a
wafer-scale approach to creating piezoelectric biomaterial
thin films based on vy-glycine crystals (Fig. 7j), which showed
great potential for commercialization.>*® These easily available,
naturally driven, biodegradable and biocompatible materials
are ideal for deep brain stimulators, pacemakers, and nerve
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stimulators that require continuous energy and hold huge
application prospects in implantable medical electronics.

4.5 The integration of PENG and energy storage

Current energy harvesters have the potential of providing
electrical energy in time by harnessing biomechanical energy
from the human body. However, the random movement time
and uncertain movement amplitude make the output of PENGs
fluctuate, thus utilizing PENGs for continuous stable energy
supply remains a challenge. In this regard, a common solution
is to first store the generated electrical energy via independent
energy storage devices (such as batteries or supercapacitors)
and then release the electrical energy at the discharge plateau
of the energy storage units to deliver a stable electrical
output.’”’7>® For example, Petritz et al. integrated the PENGs
and organic diodes on ultrathin (1 um) substrates (Fig. 8a), thus

View Article Online

Review Article

imparting them with excellent flexibility (Fig. 8b), which could
harness energy from biomechanical motions if the multilayer
devices were worn against joints, knees, and elbows.’* In
recent years, with the continuous development of micro-nano
processing technology and the increasing demand for minia-
turization, integrating these energy harvesters and energy
storages into one system has been extensively explored.”*>™"”
Tong et al. reported an all-solid-state flexible piezoelectric high-
k film functioning as both a generator and in situ storage
unit.>'® This bifunctional piezoelectric film was made of poly-
vinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) as
matrices and reduced graphene oxide (rGO) as fillers to harvest
the mechanical energy of finger bending motions as well as
store the converted electrical energy, as illustrated in Fig. 8c.
When the integrated system was fixed onto the finger of a
disposable plastic glove, the output currents corresponding to
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Fig. 8 Integration of energy harvesting and storage. (a) Scheme of a range of ultraflexible devices integrated on a 1 um thin parylene substrate. (b)

Photograph of the ultraflexible PENGs for harvesting biomechanical energy. Scale bar, 1 cm. Reproduced with permission from ref. 514 Copyright 2021,
Nature Publishing Group. (c) Schematic illustrations of energy conversion and storage by hanocomposite films under biological motions. Reproduced
with permission from ref. 518 Copyright 2015, Wiley. (d) Structure design of a self-charging power cell by hybridizing a PENG and a Li-ion battery. (e)
Cross-sectional SEM image of a self-charging power cell (lower left corner). Scale bars, 30 pm. Enlarged view of the aligned TiO, nanotubes (lower right
corner). Scale bar, 1 um. The inset is a top view SEM image of the nanotubes. Scale bar, 200 nm. Reproduced with permission from ref. 519 Copyright
2012, American Chemical Society. (f) Schematic diagram showing the design of a flexible self-charging power cell. (g) Photograph of a flexible self-
charging power cell charged by finger pressing (upper part). A typical self-charging and corresponding discharge process (lower part). Reproduced with
permission from ref. 520 Copyright 2014, Wiley. (h) Schematic representation of a siloxane-based self-charging power cell. Reproduced with permission
from ref. 524 Copyright 2020, Nature Publishing Group.
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finger movements were observed, with stored electrical energy
available to be exported after the finger motion stopped.
Another viable integration strategy is to replace the separator
of a traditional lithium battery with a piezoelectric film. For
example, a PVDF film was used to replace the polyethylene film
of a lithium battery to fabricate a self-charging power cell
(Fig. 8d).”" The piezoelectric potential generated by PVDF
under mechanical strain acted as a charge pump to drive
lithium ions from the cathode to the anode to achieve energy
collection and storage. The cross-sectional scanning electron
microscope (SEM) image of the self-charging power cell and the
enlarged view of the aligned TiO, nanotubes are shown in
Fig. 8e. It is important to note that this power cell was sealed
in a rigid coin-type stainless steel cell that could not withstand
large deformations, resulting in rather low efficiency in stress
or strain conversion. To this end, Xue et al. further developed a
flexible self-charging power cell using Kapton film as the
supporting shell, flexible graphene material as the electrode,
and piezoelectric PVDF film as the separator, which was sealed
in a liquid electrolyte, as schematically shown in Fig. 8f.°*°
Given the flexibility of the supporting shell, the as-fabricated
self-charging power cell could be charged up to 832 mVviaa 1
Hz frequency fingers pressure application, as shown in Fig. 8g,
which proved that the designed device can simultaneously
perform energy harvesting and energy storage. In addition,
some similar hybrid cells have PVDF layers replaced by porous
PVDF,>*" P(VDF-TIFE) film coated with PVA/H;PO, gel,>*> PVA-
KCI-BaTiO; gel membrane®*® to enhance the charging perfor-
mance. Most recently, Krishnamoorthy et al. replaced conven-
tional PVDF films with siloxene-based polymeric piezofibers
(Fig. 8h), further improving the efficiency of the self-charging
supercapacitor systems.’>* To summarize, this integral design
of energy harvesting and energy storage devices allows direct
conversion of mechanical energy into electrochemical energy
without wasting energy on external circuitry and reduces energy
conversion losses, effectively facilitating the practical applica-
tions of PENGs as sustainable power sources, especially in an
implantable manner.

4.6 Outlook on PENGS for energy harvesting

As the most direct application of piezoelectric materials, research
on PENG-driven energy harvesting has made considerable pro-
gress in recent years. Various prototypes for collecting passive
human biomechanical energy have been designed and optimized
on all fronts, from materials and structures to system integration.
Although integrated systems for in situ storage of harvested
energies have been successfully developed and validated, there
is still a considerable gap between achieved and expected perfor-
mance. Some critical issues should thus be addressed, and
extensive efforts are required in many fields: (1) PENG exhibits
the maximum output at the resonance frequency, usually in the
high-frequency range, however, most human biomechanical
movements fall in the low-frequency range.”® Broadening the
working frequency band and ensuring continuous device output,
is always a challenge. In addition, most of the currently reported
PENGs have been tested under simplified harmonic excitation
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and thus show considerable performance, but the real-life motion
is heterogeneous with strong randomness and intermittency, the
electrical output for practical applications may be even lower. (2)
The subjected stress or strain of the device varies with the physical
location, which directly determines its electrical output perfor-
mance. For instance, the PENG could yield a maximal output
voltage of ~20 V when attached to the apex of the heart, and
almost no output when it was attached to the posterior wall of the
heart.”’? To obtain a higher output, there are thus still restricting
physical location prerequisites for the piezoelectric device to
ensure sufficient energy generation. (3) The overall output of
PENGs is still low, thus powering electronic devices or third
parties is contingent on there being enough charging cycles.
The power management circuit is particularly important on this
front as it acts as a bridge between the PENG and the energy
storage equipment.*>®°>>~%” Efficient power management circuits
with limited energy loss are desirable to permit an optimized
extraction of harvested energy. (4) The integration of energy
harvesting and storage is an important research direction, but
higher requirements are placed on energy conversion efficiency,
which is directly related to high-performance energy conversion
and storage materials. In particular, the miniaturization process
of integrated devices will lead to a reduction in the effective
working area of functional materials and a decrease in energy
transfer efficiency, which is of particular concern. (5) Most of the
reported PENGs used as a self-charging system are still prototypes
at the proof-of-concept stage. For implantable PENGs, most
experiments are performed on small animals such as rats or
mice, and in vivo experiments covering large animals and humans
are urgently needed to further validate the research.

5. PENGs for sensing

In addition to energy harvesting, another important application
area of piezoelectric materials is self-powered sensing. Accord-
ing to the piezoelectric equation, there lies a quantitative
relationship between the electrical output of the piezoelectric
material and the subjected strain or stress, indicating that
PENGs can be directly used as sensors to detect and measure
external force-related stimuli, such as pressure, strain, vibra-
tion, acceleration, acoustic waves, etc. Specifically, given the
presence of positive and negative charge centers within piezo-
electric materials, no external power source is required to
generate electrical signals under an applied force, thus elim-
inating the need to include, manage, or replace a battery. On
this basis, active self-powered sensors can be developed as a
highly desirable solution for the next generation of wireless
wearable and implantable devices. For on-body PENGs’ use,
various vital signs monitoring and application scenarios have
been exploited extensively, promising several innovative solu-
tions for personalized healthcare.

5.1 PENGs for human motion sensing

Human motion sensing has important applications in many fields,
including healthcare, human-machine interaction, “intelligent”
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sport,”**** and can provide detailed information with regards to
the motion quality and type in the form of a quantitative electrical
signal which can be further analyzed. PENGs can be attached
anywhere needed such as necks,” fingers,>® wrists,>**%%
elbows,"®>*** or knees,”** and can help monitor joint motions
such as bending angle, deformation amplitude, and
frequency.”**>*® Much like joints, smaller muscles such as those
controlling the eye and eyelid can also be monitored using PENGs
as well. Lee et al. developed an ultrathin PENG made of aligned
ZnO nanowire compacted arrays that could work as an active
sensor for eyeball motion tracking.”*® The high sensitivity of the
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fabricated flexible PENG enabled the measurement of the local
deformation of the eyelid brought about by the eye movements, as
shown in Fig. 9a. Similarly, Feng and his collaborators replaced
the functional layer of ZnO nanowires with PZT nanoribbons to
create a sensor only 10 um thick, which could detect abnormal eye
movements including overlong closure, high blinking frequency,
and weak gazing strength, with the promise to provide timely
feedback with which to assess parameters such as eye fatigue.>*
Beyond eyeball motion monitoring, Sun et al. attached a con-
formable piezoelectric device to the face, consisting of an AIN film
on a compliant PDMS substrate, and achieved the decoding of
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Fig. 9 PENGs for human motion sensing. (a) Ultrathin nanogenerators as self-powered skin sensors for tracking eyeball motion. Reproduced with
permission from ref. 539 Copyright 2014, Wiley. (b) Skin strain was analyzed while participants performed facial motions, such as right cheek twitch. The
images on the left show strain maps as an example of the results from a human participant with the sensor (left) and without the sensor (right), showing
minimal principal strain (top) and maximal principal strain (bottom). Reproduced with permission from ref. 541 Copyright 2020, Springer Nature. (c)
Experimental results of the electrical signals produced from neck motions based on piezoceramic kirigami. Reproduced with permission from ref. 542
Copyright 2021, The American Association for the Advancement of Science. (d) Schematic illustration of the multistage sensation matrix. (e) Photo image
of the four-column multiple sensors attached in the palm to capture the motion of hand bending and fingers lifting (top panel) and the corresponding
sensing signals (bottom panel). Reproduced with permission from ref. 543 Copyright 2018, American Chemical Society. (f) The output signals of a smart
wristband subjected to various wrist movements. Reproduced with permission from ref. 47 Copyright 2018, Elsevier. (g) Schematic diagram of the three-
dimensional hierarchically interlocked PVDF/ZnO fibers-based PENG for muscle behavior monitoring. Scale bar, 1 um. (h) The ratio of calf response
amplitude (Right leg) to the other calf response amplitude (Left leg) in different walking directions. Reproduced with permission from ref. 194 Copyright
2020, Elsevier.
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facial strains as well as unique facial deformation features
(Fig. 9b).>*" Recently, a kirigami-structured highly anisotropic
piezoelectric network composite sensor was proposed to monitor
multiple information of joint motions. As shown in Fig. 9c, as the
neck moved in different directions, the top and bottom sensors
generated different electrical signals due to the piezoelectric
anisotropy, thus enabling the monitoring of neck motion.>*>
Furthermore, based on a crossbar design, a flexible, self-
powered multi-layer sensory matrix was also constructed to detect
the complex motions of the human body from a fixed position.**?
As shown in Fig. 9d, sensing units in the matrix each contained a
P(VDF-TTFE) sensing layer sandwiched between two graphene
electrodes. When a four-column multi-sensor was attached to
the palm of a hand, multiple movements including hand bending
and finger lifting could be captured, the corresponding images
and sensing signals of which, are illustrated in Fig. 9e. In this
example, the distribution of strain and detaching areas could be
detected by the sensation matrix and displayed in the form of 2D
color mapping. To further improve the flexibility, a stretchable
PENG based on a PZT/rubbery matrix was used as a smart
wristband for joint monitoring.”” As visible in Fig. 9f, the bending
movement of the wrist in different directions (up, down, left, and
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right) can be monitored and represented via piezoelectric signals
with different peak heights and widths. Yang et al. have recently
proposed a flexible PENG using 3D hierarchically interlocked
PVDF/ZnO nanofibers as piezoelectric functional layers, demon-
strating ultra-high sensitivity and accurate detection of subtle
muscle activity, as schematically illustrated in Fig. 9¢."* Due to
its decent flexibility, the fabricated sensor array could be con-
formally and firmly attached to the epidermis of the calf muscles,
thus allowing the detection of slight deformations caused by
muscle tension or relaxation. Gait monitoring could be moreover
carried out by analyzing electrical signals specifically associated
with different muscles during activities such as walking (Fig. 9h).

Combining flexible sensing, signal processing, and control
execution, some researchers further enabled the recognition
and synchronization of human actions using flexible PENGs.*®®
For example, Deng and his colleagues successfully demon-
strated the remote transmission of gestures to a robotic arm
using a combination of PENG sensing, signal transmission,
and executive control, as shown in Fig. 10a.>°® Here, the
functional layer of the PENG was made of cowpea-structured
PVDF/ZnO nanofibers (Fig. 10b), which better facilitated the
mechanical flexibility as well as electrical output, enabling the
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Fig. 10 PENGs for human machine interaction. (a) Schematic diagram of self-powered piezoelectric sensor based on cowpea-structured PVDF/ZnO
nanofibers towards the remote control of gestures. (b) Sketch of the designed device comprising a nanofiber film, and a single nanofiber. (c) The open-
circuit voltage generated by bending at different angles. Reproduced with permission from ref. 256 Copyright 2019, Elsevier. (d) Schematics of the
closed-loop system of the interactive human-machine interface. (e) Images of a transparent piezoelectric motion sensor and the electrotactile stimulator
(inset). Scale bar, 20 mm. (f) Detected signals acquired by the transparent motion sensor (first row) and by the pressure sensor on the gripper (second
row). Reproduced with permission from ref. 544 Copyright 2014, Wiley.
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designed sensors to quickly and sensitively respond to bending
angle motions (Fig. 10c). When the sensor was fixed on the
finger knuckle, the finger bending movement could be con-
verted into electrical signals by the sensor, with the robotic
hand remotely controlled to perform the same gesture as the
human hand through a peripheral circuit module. Similarly,
Lim et al. reported a closed-loop interactive human-machine
interface system based on a designed sensor and actuator,
as shown in Fig. 10d.>** The designed transparent and stretch-
able piezoelectric motion sensor consisted of poly(i-lactic
acid), single-walled carbon nanotubes, and silver nanowires
(Fig. 10e), which could be used to monitor the wrist movements
and convert the collected data into electrical signals to control a
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robotic hand. When the human wrist was bent, pressed, or
relaxed, the robotic arm would mirror those movements. The
corresponding representative data collected from the motion
sensor is presented in Fig. 10f. Human movements tend to
generally consist of relatively large deformations which can be
easily detected via a wearable PENG. In summary, PENG-based
human motion sensing has been widely adopted to monitor a
variety of body sites, showing huge application potential.

5.2 PENGs for vital signs sensing

Within the promise of a personalized healthcare system, mon-
itoring of vital signs is indispensable, to not only accurately
assess the physiological state of an individual, but also provide
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Fig. 11 PENGs for vital signs sensing. (a) Schematic illustration of the fabrication process for a self-powered pressure sensor based on PZT film.
Reproduced with permission from ref. 138 Copyright 2017, Wiley. (b) Schematic of muscle fibers reinforced by connective tissue and the as-fabricated
muscle fiber-inspired piezoelectric textile. Reproduced with permission from ref. 548 Copyright 2021, Wiley. (c) Schematic illustration of the calculation
of PWV. (d) Carotid-femoral pulse waveform used for PWV calculation. (e) Brachial artery pulse waveforms during inhaling and exhaling periods in a deep
breathing process. Reproduced with permission from ref. 149 Copyright 2019, Wiley. (f) The schematic diagram of the pulse sensing device using the FEP/
Ecoflex/FEP sandwich-structured piezoelectret film. (g) Mimicking the Traditional Chinese Medicine pulse palpation acquisition scheme of a real doctor
by using three fingers with the pulse sensing system at the Cun, Guan, and Chi positions. (h) Measured typical pulse waveforms at the Cun, Guan, and Chi
positions for a female and male volunteer, respectively. Reproduced with permission from ref. 137 Copyright 2018, Wiley.
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a reference for the diagnosis of related diseases.*>>%*>>4¢
PENG, as an active self-powered sensor, has been extensively
developed to monitor human vital signs (including pulse
frequency,"®”'*° respiration rate,"**™**! blood flow,"***** etc.)
in a continuous, real-time, and non-invasive manner. Among
them, the most common application is pulse measurement, as
continuous monitoring of arterial pulsation is important to
detect the early onset of cardiovascular diseases and to assess a
person’s health. On this ground, Park et al. developed a PZT
film-based PENG used for real-time pulse wave monitoring."*
As shown in Fig. 11a, the PZT film was exfoliated from a rigid
Sapphire substrate using the LLO technique, and then trans-
ferred to an ultrathin PET substrate. When the completed
ultrathin PENG was attached to the human wrist, the pulse
information could be detected and transmitted to a smart-
phone for diagnosis. So far, there have been many reports on
the measuring of pulse frequency via a number of different
piezoelectric materials. Indeed recently, novel piezoelectric
materials have also been developed in this sense: Dai et al
reported a 2D layered van der Waals indium selenide device
with a large piezoelectric response and long-term mechanical
durability, which could be utilized to monitor pulse frequency
and respiration rate in real-time by attaching the devices onto
the wrist and chest.>”” Su and his collaborators developed a
muscle-fiber-inspired nonwoven piezoelectric textile with tun-
able mechanical properties, which can be used for wearable
physiological monitoring, as shown in Fig. 11b.>*® To extract
more information from the pulse waveform, Chen et al. devel-
oped a flexible PENG based on a single-crystalline group III-
nitride thin film."*® The as-fabricated PENGs were attached at
different pulse sites, each pulse waveform was recorded
simultaneously allowing an extrapolation of pulse wave velocity
(PWV), as schematically illustrated in Fig. 11c. From the test
results, a time delay between the carotid and femoral artery of
about 98 £+ 5 ms can be extrapolated from the signal, repre-
senting a corresponding pulse wave velocity of 4.5 m s, with
an estimated path length of 44 cm (Fig. 11d). Alongside this
application, given the high sensitivity of the III-nitride thin
film, this sensor could also be used to monitor the breathing
rate and detect subtle differences in pulse waveforms during
inhalation and exhalation (Fig. 11e). Chu et al. constructed a
high-precision PENG with a sandwich-structured piezoelectret,
which could be used to detect weak vibration patterns of the
human radial artery, even in close proximity."”*” Two layers of
fluorinated ethylene propylene (FEP) film and a middle layer of
Ecoflex film (with circular holes) were bonded together to form
a sandwich structure, with two opposite electrodes connected
to form a PENG, as schematically illustrated in Fig. 11f. After a
corona charging process, the equivalent piezoelectric coeftfi-
cient ds; of the PENG was characterized as about 4100 pC N7,
equipping the sensor with ultra-high sensitivity. As a result, a
three-channel pulse sensor array could be used to mimic the
three fingers used by a Traditional Chinese Medicine doctor in
Traditional Chinese Medicine and allow to record pulse waves
at the corresponding mapping points on the radial artery,
namely the Cun, Guan, and Chi positions (Fig. 11g). Using
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the recorded waveforms, distinct human organs could be
differentiated by observing specific frequency, amplitude and
shape differences, a helpful tool for medical diagnosis
(Fig. 11h). In short, due to its outstanding sensitivity and
ultrafast responsiveness, the PENG has shown great advantages
in monitoring vital signs linked to dynamic weak physical
deformation, of paramount importance to provide rich data
insight for subsequent personalized medical diagnosis.

5.3 PENGs for biomechanics sensing

Human body-associated biomechanics signals could also pro-
vide essential healthcare information.>*® To date, biome-
chanical sensing has been monitored by various PENGs
through materials design, micro/nano structural design, and
various manufacturing approaches.”®® For example, Yao et al.
recently reported a wearable PENG with high piezoelectric
responsiveness and compliance consisting of 3D printable
piezoelectric nanocomposites which were made through addi-
tive manufacturing.*®® As shown in Fig. 12a, the author inserted
the 3D printed flexible piezoelectric lattice with microarchitec-
tures into a boxing glove, to measure the punch force, with the
obtained signals transmitted to the terminal through an
embedded WiFi module. As a result, when the glove hit the
wall with a direct hit or a right hook, the corresponding spatial
distribution of the force could be plotted and displayed on the
receiving device through the electrical signal obtained by the
designated PENG electrode (Fig. 12b). This application demon-
strated the ability of PENG to monitor the spatially resolved and
time-resolved mapping of the reaction force applied to the
hand during boxing activities. However, most of the reported
PENGs can only detect normal pressure or bending strain, and
almost no shear force. To this end, Chen et al. proposed a three-
axial PENG device with which to detect both normal compres-
sive force and horizontal shear force.”®” As illustrated in
Fig. 12c, the proposed PENG was composed of imprinted
P(VDF-TrFE) micropillars and a PDMS truncated pyramid
bump. Since the bump was attached to the micropillars, when
a shear force was applied to the bump, the torque would cause
different forces in different areas of the micropillars (Fig. 12d).
Consequently, the three-axial force exerted on the sensor could
be estimated from the outputs of the PENG array. Further
implementing an arrayed sensors approach, Fuh and his col-
leagues successfully demonstrated foot pressure mapping
based on a sensor array composed of PENGs, as shown in
Fig. 12e.>>" Most recently, a complex 3D piezoelectric micro-
system was fabricated by converting 2D patterns of electrodes
and thin films of piezoelectric polymers to 3D frameworks
(Fig. 12f).>°® On this basis, many mechanical stimuli such as
pressure, normal force, stretching, and bending could all
induce output, making this 3D structure more responsive.
When the device was subjected to pressure at different areas
(Fig. 12g) and different levels (Fig. 12h), the device exhibited
different performances. Compared with the 2D alternative
method, the 3D geometry offered greater freedom of deforma-
tion and could respond to external mechanical stimuli more
comprehensively, creating opportunities for an ever-growing
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Fig. 12 PENGs for extracorporeal biomechanical sensing. (a) Schematics of a wireless self-sensing boxing glove based on a 3D printed flexible
piezoelectric lattice with stretch-dominated microarchitectures. (b) Optical image of the glove and spatial distribution of force magnitudes when it hits a
wall by a direct strike and right hook, respectively. Reproduced with permission from ref. 386 Copyright 2019, Wiley. (c) Schematic diagram of a flexible
piezoelectric three-axial tactile sensor based on imprinted P(VDF-TrFE) micropillar array. (d) The simulation of the three-axial tactile sensor under normal
force and shear force. Reproduced with permission from ref. 257 Copyright 2018, IOP publishing. (e) Photograph of integrated self-powered foot
pressure sensor arrays and two-dimensional contour plot mapping of pressure potential from the objects. Reproduced with permission from ref. 551
Copyright 2017, Nature Publishing Group. (f) 3D mesoscale piezoelectric frameworks with ultra-low stiffness. (g) Schematic illustration of the device
under pressure applied over a large area (top) and a small area (bottom). (h) Time-domain output voltage (orange curve) with different external forces

(dark grey curve) applied over a squared area. Reproduced with permission from ref. 266 Copyright 2019, Springer Nature.

array of design scenarios. In addition, when the PENG was
attached to the throat (skin), the faint vibration of the throat
could be detected and used to detect deglutition and even its
associated sound. Yan et al. adopted the serpentine mesh
design concept to construct a stretchable micromotion piezo-
electric sensor. Combining the detected sensed data with
machine learning algorithms, the researchers devised a system
that allowed human voice recognition.>**

The mechanical evaluation of soft biological tissues and
organs is another important application of PENGs, with a
significant impact on the clinical diagnosis and treatment of
diseases. Dagdeviren et al. introduced an ultra-thin stretchable
network composed of PZT nanoribbons to measure the viscoe-
lasticity in the near-surface regions of the epidermis.'*> As
shown in the schematic diagram in Fig. 13a, the serpentine
metal electrode linked to the PZT nanoribbon was supported by
a thin elastomer. The resulting device could be directly coupled

3400 | Chem. Soc. Rev, 2022, 51, 3380-3435

to the surface of the skin or other biological tissues through the
mere passive use of van der Waals forces. When the device was
attached at the site of a lesion on the forearm, as shown in
Fig. 13b, the corresponding modulus mapping could be
obtained (Fig. 13c). This approach provided a non-invasive
and rapid measurement for dermatologic investigation.
Recently, this ultra-thin piezoelectric microsystem was further
improved by Yu et al. and engineered into a needle-shaped
form (Fig. 13d), so that it could be injected or directly fixed onto
a conventional biopsy needle to achieve real-time quantitative
monitoring of tissue modulus (Fig. 13e)."” As illustrated in
Fig. 13f, the developed probe could be percutaneously inserted
into various biological tissues, such as the spleen, liver, kid-
neys, lungs, and even cutaneous fat, providing information on
the corresponding modulus and demonstrating the ability of
such a miniaturized modulus-sensing device to harness the
piezoelectric effect. Inspired by the kirigami concept, Sun et al.

This journal is © The Royal Society of Chemistry 2022
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Fig. 13 PENGs for intracorporeal biomechanical sensing. (a) Exploded-view schematic illustration of the modulus sensor based on nanoribbons of PZT.
(b) Schematic illustration of a system and photograph of a forearm without and with a mounted device. (c) Representative data from experiments. Scale
bar, 2 cm. Reproduced with permission from ref. 152 Copyright 2015, Nature Publishing Group. (d) Schematic illustrations of a device based on ultrathin
PZT actuators and sensors. (e) Optical images of said device (left, Scale bar, 5 mm) and the device placed on a biological tissue (right, Scale bar, 2 mm). (f)
Optical images and results of in vivo modulus measurements on a live rat and ex vivo results of the same organs after explanation. Scale bars, 1 mm.
Reproduced with permission from ref. 153 Copyright 2018, Springer Nature. (g) Potential application of implantable sensors on tissue (pig heart) surface.
Scale bar, 1 cm. (h) The voltage output of the sensor on the pig heart under different pressures with the pulse and heartbeat-like inputs on the air-driven
platform (bottom). Reproduced with permission from ref. 120 Copyright 2019, Wiley. Voltage output graphs of before and after milk ingestion from in vivo
evaluation in a Yorkshire swine model (top). Reproduced with permission from ref. 553 Copyright 2017, Springer Nature. (i) Photograph of the PZT-based
sensor with percutaneous endoscopic gastrostomy tube inside the stomach. Scale bar, 1 cm. Reproduced with permission from ref. 553 Copyright 2017,

Springer Nature.

introduced a stretchable strain monitoring system based on a
piezoelectric PVDF film wused for self-powered cardiac
monitoring.’** When the device was mounted on a pig’s heart
(Fig. 13g), the sensor could monitor heart activity by yielding
varying voltage outputs, as shown in the lower part of Fig. 13h.
In another work, Dagdeviren and his colleagues developed a
flexible piezoelectric device based on a PZT ribbon, which could
be used to detect the mechanical deformation of the
stomach.>®® As shown in Fig. 13i, the designed sensor was
conformally attached to the stomach and responded to the
stomach peristaltic action by yielding varying voltage outputs,
linked to digestive activity, as depicted in the upper part of
Fig. 13h. This approach demonstrated the great theragnostic
potential of piezoelectric devices in gastrointestinal motility
disorders. To sum up, PENGs have been extensively developed

This journal is © The Royal Society of Chemistry 2022

for mechanical sensing based on the advantages of excellent
sensitivity, high signal-to-noise ratio, and good stability. Their
fast response rates make them exploitable for the detection of
dynamic mechanical-related stimuli. Meanwhile, their self-
powered features provide a convenient implementation for
in vivo sensing of implantable devices.

5.4 PENGs for sweat sensing

Sweat analysis can shed light on an individual’s health. Obtain-
ing health information through non-invasive and real-time
continuous monitoring of sweat is one of the development
priorities of wearable sensing.’*® In addition to the physical
sensing described above, PENGs can also be used as chemical
sensors, for instance, Saravanakumar et al. developed ZnO
microwires with which to detect pH changes.”>> Furthermore,
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piezoelectric materials can also be used for sweat monitoring
after being modified by related enzymes.”>® Han et al pre-
sented a self-powered wearable noninvasive PENG array for
sweat analysis based on enzyme/ZnO nanoarrays.>®’ In this
device, four piezo-biosensing units were modified with lactate
oxidase, glucose oxidase, uricase, and urease, to respectively
detect lactate, glucose, uric acid, and urea (Fig. 14a). Two types
of device structures were developed, horizontally aligned
(Fig. 14b) and vertically aligned (Fig. 14c), depending on the
arrangement of ZnO nanorods.”*® Compared with the vertically
aligned sandwich structure, the horizontally aligned structure
was more likely to come into contact with sweat due to its
larger exposed area. From the side view of ZnO nanowire arrays
(Fig. 14d - left), the nanowires hold an average length of
~12 pm, and the enzyme-modified ZnO nanowires can be seen
crossing on the interdigital electrodes (Fig. 14d - right). When
the analyte appeared and the enzymatic reaction occurred, the
surface carrier density increased, and then the strong piezo-
electric screen effect caused the output piezoelectric voltage to
decrease, as illustrated in Fig. 14e. As a result, when the
designed PENG was attached to the forehead of a runner, the
physiological status of human subjects including lactate, glu-
cose, uric acid, and urea levels, could be continuously mon-
itored by analyzing the runner’s sweat (Fig. 14f). Recently, Liu
et al. demonstrated a piezo-electrocatalytic sensor based on the
charge transfer between the strained ZnO nanostructures and
ascorbic acid,”*® promising for monitoring ascorbic acid in
sweat, tears, and saliva. Another application of this technology
can be envisioned using ascorbate acid oxidase and alcohol
oxidase to modify ZnO nanowires; these device variations can
be used to mimic taste buds and achieve an artificial gustatory
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system,*®® which could further extend the application of PENGs
to the field of chemical sensing.

5.5 Outlook on PENGs for sensing

Due to the outstanding electromechanical coupling character-
istics of piezoelectric materials, the PENG has been widely
engineered to yield a variety of active sensors, with the feasi-
bility of various scenarios having been proven both in vitro and
in vivo. Recent advances made by PENGs exhibit tremendous
potential in the field of flexible wearable electronics. To further
promote the practical application of PENGs, several challenges
need to be overcome: (1) piezoelectric potentials generated by
piezoelectric materials are easily neutralized by the presence of
free charge in the surrounding environment, making it difficult
to detect static force and limiting the application of PENGs.
Further performance improvements of PENGs in the realms of
sensitivity, reliability, and detection range are also required; (2)
most of the piezoelectric materials are also pyroelectric (e.g.,
PZT, PbTiO;, PVDF), meaning that when using wearable
PENGs, the individual’s body temperature could also affect
the output of devices made with such materials, which in turn
could affect their sensing performances. In subsequent studies,
the effect of temperature on electrical performance needs
therefore to be considered; (3) the majority of currently devel-
oped PENGs adopt a sandwich structure of thin-film and
planner electrode or a laminated structure of thin-film and
interdigital electrode. In both instances the functional layer or
electrode comprises a dense structure, leading to poor air
permeability of the devices. Improving the air permeability of
such devices without damaging their performance requires
further study; (4) three-axis force sensing is primarily achieved
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Fig. 14 PENGs for sweat sensing. (a) Four self-powered wearable noninvasive piezo-biosensing units for sweat analysis. (b) Lateral device architecture
illustration of the self-powered wearable noninvasive electronic skin. Reproduced with permission from ref. 557 Copyright 2017, American Chemical
Society. (c) Vertical device architecture illustration of the self-powered wearable noninvasive electronic skin. Reproduced with permission from ref. 558
Copyright 2016, Elsevier. (d) SEM image of ZnO nanowire arrays and single ZnO nanowire bridging two Ti electrodes. Scale bars, 10 um. (e) The
piezoelectric potential of modified ZnO nanowire in pure water created by applied deformation. (f) The comparison of the response between on-body
and ex-body testing. Reproduced with permission from ref. 557 Copyright 2017, American Chemical Society.
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using 3D structure PENG design, which represents a trade-off
between device size and performance, and this limitation needs
to be addressed. To achieve a flexible and stretchable device,
the optimization of the material working mode may be a
feasible solution to avoid sole reliance on 3D structure designs;
(5) in the field of PENG use for chemical sensing, the device’s
limited lifetime remains a challenge given the rapid exhaustion
of utilized enzymes. Moreover, the effect of temperature on
enzyme activity and stability also needs to be further investi-
gated in-depth; (6) at present, most of the reported PENG-based
sensing performances are obtained under specific experimental
conditions. To achieve accurate quantitative measurements of
any object under any conditions, a reliable calibration system
for self-powered PENG is urgently needed; (7) PENG can
respond to almost all external-force related stimuli, so when
there are multiple different stimuli at the same time, decou-
pling the output and detecting the source of each stimulus is of
paramount importance; (8) contact electrification, including
friction and contact separation, is often mistaken for piezo-
electric output,®®* and within the field of PENG used in sensing
applications, clearly distinguishing between the triboelectric
output and the piezoelectric output is fundamental, especially
in the presence of a state change during material contact and
separation; (9) PENG itself is self-powered, but its signal
acquisition circuit still requires an external power supply. To
produce a fully self-powered sensing system that includes self-
powered detection and signal processing, further research is
needed to enable a full system integrating with PENGs being
used as active sensors, energy harvesters, and energy storage
components, all within a single system.

6. PENGs for therapy

In addition to energy harvesting and sensing, another impor-
tant application of PENGs is therapy. Since electric fields have
been shown to affect cellular activities including migration,
proliferation, differentiation and mechanical transduction,
exploring their potential therapeutic applications has been an
important scientific focus in recent years.’*>*°® As it happens,
due to the direct piezoelectric effect, piezoelectric materials can
generate an electric field when stimulated by human body
motions, vibrations or ultrasounds. Moreover, these materials
can also transform electrical signals into mechanical deforma-
tions via the inverse piezoelectric effect, thereby further enhan-
cing their ability to modulate cellular activities. Hence, various
piezoelectric materials have been widely explored for different
biomedical applications, such as cell activity modulation,
wound healing, drug delivery, neural stimulation, and so forth.

6.1 PENGs for cell activity modulation

As the basic unit of biological structure and function, cell
activity regulates the expression of tissue-specific genes. Many
efforts have been devoted to the regulation of cell activities, in
which electrical or electromechanical stimulation is a proven
and effective approach. The PENG has aroused a lot of attention

This journal is © The Royal Society of Chemistry 2022
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in the field of cell behavior regulation,
self-powered source and avoids risks associated with battery
replacement and secondary implantation. For instance, Hoop
et al. demonstrated that the piezoelectric charge generated by
PVDF under ultrasonic wave stimulation could induce the
generation of neurites (neuronal cell projections)."”® As illu-
strated in Fig. 15a, the effect on two different molecular
signaling pathways of PC12 differentiation: the MAPK/ERK
pathway and the cAMP pathway, were studied. When PC12
cells were seeded on the pre-treated B-PVDF membrane, the
charge generated by PVDF in response to wireless dynamic
stimulation of external ultrasonic transferred directly to the
cells and affected their behavior (Fig. 15b). In detail, the
piezoelectric charge seemingly activated the cAMP-dependent
pathway in cells, resulting in increased differentiation of PC12
cells. A similar result was also confirmed by Liu and his
colleagues.'®* As shown in Fig. 15c, piezoelectric BaTiO; nano-
particles were used to convert ultrasonic energy to an electrical
signal in situ, inducing the differentiation of the targeted neural
stem-like cells. Moreover, the surface nanotopography of bio-
materials has been shown to promote cell adhesion, which in
turn activates downstream cell signaling and regulates cell
behavior through cell mechanical transduction pathways.>”>
On these grounds, Zhang et al. showed the combinatory effect
of nanotopography and bioelectricity in regulating cell beha-
viors through exposure to piezoelectric materials’ activity.'®> In
their experiments, a PVDF device with a nanostripe array
structure was used as the substrate to culture living cells, as
shown in Fig. 15d. Given the different cell traction forces, the
PVDF nanostripe would generate different piezoelectric poten-
tials, ranging from a few microvolts to a few millivolts
(Fig. 15e), with both the nanoscaled stripe structure and the
generated potential modulating the cell activities. Similarly,
Murillo et al. reported a PENG based on 2D ZnO nanosheets,
which could be used to stimulate macrophage motility.'®* As
shown in Fig. 15f, the plasma membrane of the cultured cells
was in close contact with the ZnO nanosheets, and the emitted
projections were also firmly attached to the nanosheet. Along-
side this research, Kim et al. designed a series of topologically
structured piezoelectric scaffolds through electrospinning to
determine the response of neural cells (Fig. 15g)."°° The results
confirmed that the radially aligned pattern (p-RA) and repetitive
gradient align/random pattern (rp-gAR) composed of PVDF,
could preferentially induce neurite outgrowth. In general,
PENGs can easily inherently respond to external stimuli and
convert these stimuli into electrical signals to regulate cell
behavior in situ, providing a therapeutic solution with a simple
structure and easy operability. In addition to these advantages,
the surface topography of the piezoelectric material can also be
easily controlled according to specific needs, meaning that
PENGs have bright prospects in the electrical self-stimulation
arena and in inducing therapeutic cellular activities.

6.2 PENGs for wound healing

With the development of modern biomedicine and medical
technology, electrical stimulation used to imitate endogenous
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Fig. 15 PENGs for cellular activity modulation. (a) Illustration of intracellular pathways affecting PC12 differentiation. (b) Schematic illustration on the
ultrasound stimulation of the piezoelectric B-PVDF membrane, inducing neuronal differentiation of PC12 cells. Reproduced with permission from ref. 170
Copyright 2017, Nature Publishing Group. (c) Schematic illustration of a highly controllable micromotor to induce the differentiation of the targeted
neural stem-like cell. Reproduced with permission from ref. 184 Copyright 2020, Wiley. (d) Inherent cell forces of living cells grown on the surface of
PVDF with nanoscaled stripe arrays. (e) Electrical simulation results of PVDF with different stripe arrays. Reproduced with permission from ref. 162
Copyright 2019, Wiley. (f) SEM images of morphology and NG-cell interaction. Scale bars, 5 um (left) and 2 um (right). Reproduced with permission from
ref. 161 Copyright 2017, Wiley. (g) Simplified generation mechanism of differently spun membranes. Reproduced with permission from ref. 166 Copyright

2019, Wiley.

electric field and promote wound healing, has emerged as a
novel and exciting therapeutic approach.?”’*">%° The basic sche-
matic diagram of the electrical stimulation wound healing
modus operandi is illustrated in Fig. 16a, the nanogenerator is
attached to the wound, and the electric field generated between
the two electrodes penetrates the dermis to imitate the endo-
genous electric field and promote wound healing. Recently,
Wang et al. demonstrated the in vitro and in vivo wound-healing
efficacy of a piezoelectric nanofibrous scaffold PENG."’® The
designed PENG made of polarized P(VDF-TrFE) nanofibers was
cut into a 20 mm x 20 mm film and implanted in the
subcutaneous thigh region of highly active Sprague Dawley rats
(Fig. 16Db). A linear motor system was used to gently pull the
rat’s leg to mimic its movement with the designed PENG able to
generate a piezoelectric output of about 6 nA (Fig. 16c). The

3404 | Chem. Soc. Rev,, 2022, 51, 3380-3435

results of in vitro cell proliferation experiments further con-
firmed that piezoelectric scaffolds can be designed to provide
the necessary electrical stimulation for wound healing
(Fig. 16d). In another work, Bhang et al. developed a piezo-
electric patch (PZP) composed of bidirectionally grown ZnO
nanorods, and evaluated its therapeutic efficacy in dermal
wound healing."”* As schematically illustrated in Fig. 16e, the
designed PENG consisted of aligned ZnO nanorods embedded
in a PDMS matrix, with two Ag electrodes sandwiched on
opposite sides. With a bending radius of 5 mm, the device
could produce a 1.8 V average voltage (Fig. 16f). When the
device was applied to a wound, the histological criteria of
subcutaneous distance was then applied to quantitatively eval-
uate its therapeutic effect (Fig. 16g). To further verify the
performance in vivo, the author attached the designed PENG

This journal is © The Royal Society of Chemistry 2022
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Fig. 16 PENGs for wound healing. (a) Schematic diagram of the wound-healing mechanism elicited under an endogenous electric field. (b) Image of
electrospun P(VDF-TrFE) nanofiber scaffolds implantation in the subcutaneous thigh region of a rat (upper) and the implant site after suturing (lower). (c)
Current output of the implanted scaffolds with intermittent pulling. (d) Bar chart of the proliferation of L929 fibroblast cells on excited tissue culture
polystyrenes. Reproduced with permission from ref. 176 Copyright 2018, Elsevier. (e) Schematic illustration of the PZP modified with Ag electrodes to
measure the piezoelectric voltage and current density generated by mechanical bending. (f) Quantification of piezoelectric voltage generated from a
ZnO NR monolayer by mechanical bending. (g) Schematic diagram of the wound site with intersubcutaneous distance measurement. (h) Photographs of
the skin wound on the back of a mouse (left), and a nine-layered PZP placed on the wound by dressing a transparent film over the PZP (right). (i)
Representative skin wound photographs at O, 3, 7, and 10 days after treatment. Reproduced with permission from ref. 174 Copyright 2017, Wiley.

to the wound on the back of mice as shown in Fig. 16h. From
the results, it was obvious that the wounds with PZP-1X (9 layers
of PZP, the filling rate is 95.2%) were almost completely closed
after 10 days, which suggested that the designed PENG had the
best effect on promoting wound closure and skin regeneration
(Fig. 16i). In addition, many other piezoelectric materials such
as electrospun PVDF/polyurethane membrane,"”® P(VDF-TrFE)/
BaTiO; nanocomposites,'®® have also been confirmed to pro-
vide the effectiveness of piezoelectric electric fields in promot-
ing wound healing and bone regeneration.>®*'**> Recently, Liu
and his colleagues have demonstrated that the piezoelectric
PLLA nanofiber scaffold under applied force or joint load could
promote chondrogenesis and cartilage regeneration due to the
controllable piezoelectric charge.?®* The approach combining a
biodegradable piezoelectric scaffold with controlled mechan-
ical activation holds significant promise for applications in
tissue regeneration and wound therapy.

6.3 PENGs for drug delivery

Driven by the huge clinical demand for targeted therapies, drug
delivery systems have become a research hotspot in the field of
biomedicine, hoping to bring more survival benefits to
patients. In recent years, piezoelectric devices have proved to

This journal is © The Royal Society of Chemistry 2022

be an effective means of drug delivery, mainly including two
working modes: one working mode is based on the inverse
piezoelectric effect, which can control the precise deformation
of piezoelectric devices through peripheral circuits, and enable
quantitative release of drugs.'®>***>% However, this model
requires complex peripheral circuits and is mainly used for
transdermal drug delivery, and thus difficult to be applied
in vivo. The second mode is based on the direct piezoelectric
effect, which can assist with drug release through electrical
stimulation. Due to the small device size and easy control, this
approach can be very conveniently used in vivo, especially for
targeted drug release, with the help of a magnetic field.
Recently, Chen et al. successfully developed a hybrid core-
shell composite nanowire composed of P(VDF-TrFE) and FeGa
for targeted drug delivery.'®” As shown in Fig. 17a, the nanowire
was synthesized through a template-based wetting technique
and electrodeposition method, in which P(VDF-TrFE) nano-
tubes were the shell, and FeGa was the core. This structure
was also confirmed by the characterization using Atomic Force
Microscopy (AFM) (Fig. 17b). Under the external magnetic field,
the strain of magnetostrictive FeGa was transferred to the
piezoelectric P(VDF-TTFE) shell through interfacial coupling,
resulting in a change in the polarization state of P(VDF-TFE),
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Fig. 17 PENGs for drug delivery. (a) Schematic diagram of FeGa@P(VDF-TrFE) core—shell nanowires. (b) AFM image of two nanowires with FeGa grown
out of P(VDF-TrFE) nanotubes. Scale bar, 200 nm. (c) Piezoresponse amplitude loops obtained from the FeGa@P(VDF-TrFE) core—shell nanowires
with and without magnetic field exposure. (d) Schematic illustration of the motion of a core—shell nanowire in a conical rotating magnetic field.
(e) Manipulated nanowire to follow the shape of a heart. Scale bar, 20 pm. (f) Scheme showing on-demand drug delivery experiment. Reproduced with
permission from ref. 187 Copyright 2017, Wiley. (g) Scheme depicting functionalization of hybrid nanoeels with PDA and drugs, followed by magnetically
triggered drug release. (h) Time-lapse image showing a single hybrid nanoeel transition from a surface-walking swimming mode to a wobbling motion
upon changing the parameters of magnetic fields. Scale bar, 15 um. (i) Plot showing the release of RhB from NWs without PVDF, with P(VDF-HFP), and

with P(VDF-TrFE), under different magnetic actuation. Reproduced with permission from ref. 186 Copyright 2019, Wiley.

which was verified by the butterfly curve (Fig. 17c). The gener-
ated transient changes of polarization state could be used as a
trigger for drug release. At the same time, the asymmetry of the
upper and lower parts of the nanowire leads to the translational
force on the nanowire as illustrated in Fig. 17d. This approach
could enable precise control of locomotion and maneuvering of
the nanowires by varying the external magnetic fields. The
authors demonstrated this by precisely steering the nanowire
along a predefined trajectory, which could be used for targeted
motion (Fig. 17e). On this basis, after the drug was adsorbed
onto the surface of the core-shell nanowires, a rotating mag-
netic field could be used to manipulate the nanowires to the
targeted lesion, and the drug was then released under an
alternating current magnetic field (Fig. 17f). Similarly, inspired
by the workings of electric eels, Mushtaq et al. proposed a
multifunctional piezoelectric tailed nanoeel composed of
P(VDF-TTFE), polypyrrole (Ppy), and nickel rings to use for drug
release (Fig. 17g)."®® Unlike previous studies, Ppy nanowire
heads decorated with nickel rings could provide magnetic

3406 | Chem. Soc. Rev,, 2022, 51, 3380-3435

actuation, thereby enabling more flexible control. As shown
in Fig. 17h, the designed nanoeel could switch from a tumbling
motion to a wobbling motion by simply changing the external
magnetic field, and subsequently reaching the target position.
The results of the drug release experiment clearly demonstrated
that the amount of released drug can be effectively controlled
by altering the applied magnetic field parameters (Fig. 17i),
showing great potential for developing an efficient and con-
trollable drug delivery platform.

6.4 PENGs for assistive physical therapy

Voice recognition can help people with hearing impairments to
communicate and enable smart devices to bilaterally commu-
nicate with people, extremely important in our daily lives.
Recently, due to their high sensitivity and fast response cap-
ability, flexible piezoelectric acoustic sensors>®® that mimic the
basilar membrane of the human cochlea have attracted much
attention as promising candidates in the field of voice
recognition."***%° A typical diagram of such a sensing system

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

is depicted in Fig. 18a, whereby a piezoelectric sensor converted
sound signal into electricity which was subsequently analyzed
via a machine learning process to finally implement sound
recognition.’®® Han et al. reported a basilar membrane-inspired
piezoelectric acoustic sensor, which exhibited four to eight
times higher sensitivity than the conventionally used conden-
ser sensor.””" Fig. 18b illustrates the overall concept of the
human cochlea, able to detect many resonance frequencies via
the wide and thick nature of its basilar membrane which varies
along the cochlear spiral. Inspired by this structure, the author
designed a multi-channel asymmetric trapezoidal-shaped
piezoelectric acoustic sensor made with PZT films, capable of
resonance-based sensing and frequency tuning capabilities
(Fig. 18¢).>*> Compared to the reference sensor, the designed
piezoelectric acoustic sensor exhibited a higher electrical signal
amplitude and wider frequency band response, as shown in
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Fig. 18d. Utilizing this method, the original sensed voice was
successfully reproduced as the testing results demonstrated in
Fig. 18e. Furthermore, Kim et al. developed a high-performance
PENG based on biodegradable chitin polymer, able to provide a
high-fidelity paper-type speaker, and doubling in use as a
microphone.>”® As shown in Fig. 18f, the chitin polymer
material derived from squid pen material exhibited high optical
transmittance (71%), and good crystal orientation (Fig. 18g),
allowing the device to detect sound. The short-time Fourier
transform spectrogram obtained from the voltage of the fabri-
cated device further demonstrated its ability to replicate the
original sound modulations, as displayed in Fig. 18h. In
another work, an acoustic sensing platform composed of a
P(VDF-TTFE) nanofiber mesh prepared by dynamic near-field
electrospinning technology, showed a wide sensitivity band-
width of 200-5000 Hz at hearing-safe sound pressure levels.'*!
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Fig. 18 PENGs for assistive physical therapy. (a) Overall schematic of the machine learning-based speaker recognition system. Reproduced with
permission from ref. 590 Copyright 2018, Elsevier. (b) Schematic illustration of the basilar membrane-inspired flexible piezoelectric acoustic sensor.
Reproduced with permission from ref. 591 Copyright 2018, Elsevier. (c) Schematic illustration of biomimetic multifrequency band control and mobile
biometric authentication of miniaturized PMAS inspired by the resonant structure of the basilar membrane. Reproduced with permission from ref. 592.
Copyright 2021, The American Association for the Advancement of Science. (d) Schematic graph of the highest electric signals yielded, selected from
multi-channel, over the voice frequency band. (e) The sound signals of standardized female speech and corresponding signals recorded by the multi-
channel flexible piezoelectric acoustic sensor. Reproduced with permission from ref. 591 Copyright 2018, Elsevier. (f) Digital photograph of the
transparent chitin speaker sandwiched between two Ag NWs electrodes. Scale bar, 3 cm. (g) Crystal pattern of chitin thin film on Si substrate. (h) Short-
time Fourier transform spectrogram of the transparent chitin speaker. Reproduced with permission from ref. 393 Copyright 2018, Elsevier.
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In particular, with the integration of machine learning and
recent advances in algorithms, the performance of voice recog-
nition has been significantly improved, further promoting the
practicality of PENG acoustic sensing applications.

6.5 PENGS for neural stimulation

Electrical stimulation has also been widely used to treat neu-
rological diseases and restore lost functions as an important
means of rehabilitation treatment and training. Examples of
neurostimulation therapy include deep brain stimulation to
relieve Parkinson’s disease, cochlear nerve stimulation to
restore hearing, and electrical potentials or currents cardiac
applications to treat arrhythmias.'>***™>% For implantable
neurostimulation devices, PENGs can not only provide energy
to extend the lifespan of the otherwise equivalent batteries but
can also provide a directly independent power supply, attract-
ing much attention. Generally, PENGs provide energy in two
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ways: one, collecting mechanical energy in the body, and the
other, converting energy transmitted by ultrasound.'®®'¢%>9
Hwang et al. demonstrated a self-powered brain stimulator made
of indium modified crystalline Pb(In;,,Nb;,,)O3-Pb(Mg;,3Nb,,3)O5-
PbTiO; (PIMNT) thin film (Fig. 19a)."®® The designed flexible
PENG could generate a maximum open-circuit voltage and
short-circuit current of 11 V and 283 pA under bending motion.
When the obtained electrical signal was connected into the M1
cortex in the brain to produce muscle contraction of the forelimb,
the movement of the treated mouse’s paws and forelegs could be
clearly observed under electrical stimulation (Fig. 19b). To remove
the external wiring, a wireless, leadless, and battery-free implan-
table neural stimulator was developed by Piech et al.'> As the
conceptual overview shown in Fig. 19c, the designed system
incorporated a piezoceramic transducer, an energy-storage capa-
citor, and an integrated circuit, and directly fixed on a rat’s sciatic
nerve to achieve electrical stimulation. In this system, since the

¢ " H Le Lt
[
!'ih-.i-.-' —
TS
"-h i
P
& .
ihmerL !
Bl mkmna e
&
]

g vl iogaps| Rl e W e _I_._._._-_.— R
"-.'I:- Nl el — - Fpye—
jr"l o gy
¥ a ]
X Ay
L - L .
(Al 4.
IR
i
N | e
(= ] r
i i
- . «
: i
- I ||-| | o '-I
¥
LE = THE
._?hq.ﬁ_- PR = a5 an e

Fig. 19 PENGs for neural stimulation. (a) An illustration of the animal experiment involving brain stimulation of mice using a flexible PIMNT harvester. (b)
A photograph of the flexible PIMNT stimulator connected to a bipolar stimulation electrode that is localized in the M1 cortex for electrical stimulation.
Scale bar, 1 cm. Reproduced with permission from ref. 188 Copyright 2015, Royal Society of Chemistry. (c) Diagram of the battery-free implantable
system used to stimulate the sciatic nerve of a rat. Reproduced with permission from ref. 157 Copyright 2020, Springer Nature. (d) Schematic and design
of the mm-scale flexible ultrasound-induced wireless PENG for retinal electrical stimulation. (e) Optical image of the device implanted into an excised
eyeball to mimic an implant scenario. Scale bar, 1 cm. (f) Comparison of output voltages and power densities of the device in implantation and non-
implantation scenarios. Reproduced with permission from ref. 158 Copyright 2019, Wiley.
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piezoelectric ceramic transducer could convert externally trans-
mitted ultrasonic energy into electrical energy, electrical stimula-
tion could be achieved without any external wires. Recently, Jiang
et al. also fabricated an ultrasound-induced wireless PENG for
potential retinal electrical stimulation through a modified dice-
and-fill technique (Fig. 19d).">® The core component of the
designed PENG was an anisotropic 1-3 piezocomposite composed
of high piezoelectricity lead-free ceramic (Ko 4Ny 5,)(Nbg.05Sbo.05)-
O3-(Big.4Lag 1)(Nag 4Lig1)ZrO; pillar array, of parallelepipeds shape,
as well as an insulating polymer filler (EPO-TEK 301). The entire
device was encapsulated in silicone elastomer, with good flexibility
and considerable output performance, reaching a maximum power
density of 45 mW cm > As shown in Fig. 19, the as-fabricated
PENG was implanted into an excised porcine eyeball to prove its
feasibility of embedding into the body. Comparing the electrical
output performance of in vivo and in vitro experiments, the voltage
amplitude of the device implanted in the body decreased slightly
(Fig. 19f), but the output current easily exceeded the average
threshold required for retinal electrical stimulation, by cutting
the electrode area. Overall, the designed ultrasound-induced wire-
less PENG showed great potential in the electrical stimulation of
implantable biomedical devices.

6.6 Outlook on PENGs for therapy

In recent years, piezoelectric materials have gained significant
attention in therapeutic fields due to their excellent mechan-
oelectrical properties, and many functional applications such
as tissue regeneration, wound healing, drug delivery, and nerve
stimulation have been developed in novel and interesting ways.
It is noteworthy that the piezo-potential induced by strain or
stress can induce a giant electric field at the micro-nano- scale,
which has proven to be an effective means for piezo-catalysis. In
combination with ultrasonic stimulation, piezo-catalysis has
been successfully developed for sterilization,”” tooth
whitening,**® and tumor sonodynamic therapy®®*®°® viag the
generation of reactive oxygen species. However, many of the
current experiments are either proof-of-concept or limited to
invitro experiments. To further advance the progress of implan-
table PENGs, more efforts should be targeted at resolving the
remaining issues: (1) most of PENGs used in electrical therapy
need to be implanted in the body, and biological safety is of top
priority. Implantable devices have direct contact with intersti-
tial fluids and biological tissues, so the toxicity of functional
materials and metal electrodes, as well as the degradability of
the entire device, are issues that need to be considered; (2) most
current implantable piezoelectric devices are stimulated by
ultrasound as this can penetrate biological tissues at a con-
siderable depth, and the stimulation parameters can also be
easily controlled by adjusting external ultrasound emitter.
However, ultrasound also interacts with the device’s surround-
ing tissues, which could be damaged by the heat caused by the
cavitation effect. Hence, the relationship between ultrasonic-
related parameters such as center frequency, output power,
output time, and the overall performance of the device is worth
studying; (3) in general, implantable devices are required to
have a long enough working life to avoid the risk of secondary

This journal is © The Royal Society of Chemistry 2022
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operations. There is no doubt that the lifespan of the device
needs to be extended as long as possible, but further research is
still needed to detect the effectiveness of the implanted device
during use; (4) in the application of targeted drug release,
understanding how to ensure that all drug-loaded particles
reach the targeted area under the external control field is also
another issue worthy of study. (5) Most recently, Piech et al.
demonstrated a wireless neurostimulator that can accept exter-
nal programmable current control commands to achieve pro-
grammed electrical stimulation and can also send feedback about
whether electrical stimulation occurs to an external transceiver.">’
Such a bidirectional communication function is another impor-
tant development direction of implantable devices.

7. Summary and perspectives

Over the past decade, PENGs have received extensive and in-
depth research attention, and have been widely developed and
applied in various applications. In this review, recent advances
in wearable and implantable PENGs have been comprehen-
sively summarized and discussed, including their material
selection, structural design, and applications in human body
associated energy harvesting, self-powered sensing, and elec-
trical stimulation therapy. Given the latest progress made by
PENGs, we schematically depict an intelligent closed-loop
system to construct an (IoMT) paradigm for the next-
generation personalized healthcare, as illustrated in Fig. 20.
This smart system includes high-performance PENG-based
sensors that can detect a variety of physiological signals, such
as pulse, respiration, temperature, blood oxygen, etc. These
physiological signals could be then directly transmitted to the
hospital or medical center through 5G network. After data
analysis is completed, the clinician could send feedback to
the patient to guide treatment and even remotely control
therapy through the patient’s terminals, thereby realizing per-
sonalized healthcare in a closed-loop manner. It is anticipated
that the IoMT paradigm could thoroughly change the existing
medical model, comprehensively improve the efficiency of
medical service, and provide access to a brand-new lifestyle to
the masses. Despite the advancements of flexible PENGs in
recent years, there are still many challenges and opportunities
which lie ahead and that need to be addressed to achieve such
an intelligent system.

(1) Flexible PENGs with excellent comprehensive perfor-
mance need both outstanding mechanical flexibility and elec-
trical performance. Numerous studies have shown that
piezoelectric composites can, not only exhibit excellent elec-
trical properties like piezoelectric ceramics but also show
compelling mechanical flexibility like those found in piezo-
electric polymers, which are ideal candidates for the flexible
PENGs. However, the current understanding of the mechanism
of piezoelectric composites is lacking and insufficient. Contin-
ued efforts need to be committed here to develop flexible
PENGs with better performance from a material innovation
perspective.
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Fig. 20 PENGs for internet of medical things. This smart system includes high-performance sensors that can detect and wirelessly transmit a variety of
physiological signals to the doctors over a distance through the 5G network. After data analysis is completed, the doctor can send feedback to the patient
or even guide treatment through the patient’s in- and on-body terminal and devices, thereby realizing personalized healthcare in a closed-loop manner.

(2) There are multiple interfaces present within PENGs
themselves, including the interface between the organic phase
and the inorganic phase in the composite, the interface
between the material and the electrode, the interface between
the electrode and the packaging materials, and the interface
between the device and the human body. These interfaces play
avital role in not only the devices’ biomedical performance, but
also their flexibility, stability, and durability. However, research
on these interfaces is usually ignored, which hinders the
improvement of the overall performance of the device.

(3) In both sensing and energy harvesting applications,
PENGs must closely adhere to the surface of the skin or tissue
to extract small biomechanical pressure. Although many stu-
dies have proved that PENGs can form conformal contact
with the targeted tissue surface, fixing and anchoring of the
device itself is rarely mentioned. If the device is directly covered
with tape for fixing, for instance, the altered stress and strain
distribution can affect its output performance. Especially in
the case of a sensor, extra stress or strain placed on PENGs
can lead to inaccurate measurement results. To ensure
accurate transmission of deformation, advanced packaging
and effective fixing of devices are the important research
avenues.

3410 | Chem. Soc. Rev., 2022, 51, 3380-3435

(4) with the miniaturization of devices, there is also a desire
to integrate more functions on the same device to achieve
simultaneous detection of various stimuli, such as tempera-
ture, stress, strain, sound, light, atmosphere, and so on. It has
been demonstrated that piezoelectric devices can respond to
multiple stimuli,"**'"7°® which will further promote its wide
applications. However, if the responses of multiple stimuli are
all based on electromechanical conversion, it will inevitably
cause crosstalk in the output signals, as a result, how to
decouple the output to enable accurate detection of individual
stimulus is of utmost importance.

(5) Except for the piezoelectric effect, other working princi-
ples such as triboelectric, flexoelectric, magnetoelastic,
and electromagnetic effect can also be applied to convert
mechanical energy into electrical energy with different output
characteristics. Especially, the giant magnetoelastic effect
was discovered in the soft polymer systems in 2021 from the
Chen Group at UCLA and was applied to convert biomechanical
activities into electrical signals, which paves a new way
to construct biosensors and bioelectronics with a collection
of compelling features, including intrinsic waterproofness,
decent biocompatibility, high current output, and low inner
impedance.®® Furthermore, many studies have proved that

This journal is © The Royal Society of Chemistry 2022
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hybrid generators which rely on a joint mixture of different
energy harvesters provide a more effective way to improve
energy utilization efficiency.®”"®'' Moreover, a sensor with a
hybrid mechanism can also offer complementary and improved
performance.®>7%'*

coupled with piezoresistive sensing, a wider detection range
d 615-617

For example, when piezoelectric sensing is

can be obtaine

(6) In addition to developing sensors with excellent perfor-
mance, signal identification and signal analysis are key steps to
implement when using those devices towards practical
applications.®'® In recent years, machine learning has shown
its ability to extract feature values from a large amount of
sensing data,®'*"**' remove interference signals to make mea-
surements more accurate, and show important application
prospects in data analysis and pattern recognition. Conse-
quently, deep integration of multi-sensor data fusion and
machine learning is imperative in their synergistic use for both
wearable and implantable bioelectronics.

(7) The application of wearable and implantable PENG in
the human body involves multiple disciplines, including phy-
sics, chemistry, material science, computer science, mechan-
ical engineering, electrical engineering, and bioengineering.
Scientists in various fields should work closely together to
ensure that they are tackling specific topic areas using their
optimized know-how. In addition, establishing a strong rela-
tionship between industry and academia is important to
advance the process of transition of these devices from the
lab to commercially viable products, and thus to industrializa-
tion. Therefore, interdisciplinary cooperation is another impor-
tant trend in this field.

Piezoelectric nanogenerators have greatly seized people’s
interest and imagination because of their excellent electrome-
chanical properties, with extensive research progress having
already been carried out. However, there is still a long way to go
to achieve practical applications of these devices. With more
extensive and in-depth research, it is foreseeable that flexible
piezoelectric devices can have broad prospects in the fields of
wearable and implantable bioelectronics and will exert a sig-
nificant impact on future personalized healthcare.

Author contributions

J. C. initialized and supervised the whole project. W. D. and
Y. Z. contributed equally to this work. The manuscript was
written through the contributions of all authors. All authors
have approved the final version of the manuscript.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

J. C. acknowledges the Henry Samueli School of Engineering &
Applied Science and the Department of Bioengineering at

This journal is © The Royal Society of Chemistry 2022

View Article Online

Chem Soc Rev

University of California, Los Angeles for the startup support.
W. D. acknowledges the support from the National Natural
Science Foundation of China (No. 61801403) and China Scho-
larship Council (201907005016). W. Y. acknowledges the sup-
port from the Sichuan Province Foundation for Distinguished
Young Team (No. 20CXTD0106).

References

1 ]J. Gubbi, R. Buyya, S. Marusic and M. Palaniswami, Internet of
Things (IoT): a vision, architectural elements, and future
directions, Future Gener. Comput. Syst., 2013, 29(7), 1645-1660.

2 I Lee and K. Lee, The Internet of Things (IoT): applica-
tions, investments, and challenges for enterprises, Bus.
Horiz., 2015, 58(4), 431-440.

3 G. Chen, Y. Li, M. Bick and ]J. Chen, Smart textiles for
electricity generation, Chem. Rev., 2020, 120, 3668-3720.

4 T. R. Ray, J. Choi, A. J. Bandodkar, S. Krishnan, P. Gutruf,
L. M. Tian, R. Ghaffari and ]. A. Rogers, Bio-integrated
wearable systems: a comprehensive review, Chem. Rev.,
2019, 119(8), 5461-5533.

5 J. Y. Oh and Z. Bao, Second skin enabled by advanced
electronics, Adv. Sci., 2019, 6(11), 1900186.

6 T. Someya and M. Amagai, Toward a new generation of
smart skins, Nat. Biotechnol., 2019, 37(4), 382-388.

7 W. Gao, H. Ota, D. Kiriya, K. Takei and A. Javey, Flexible
electronics toward wearable sensing, Acc. Chem. Res., 2019,
52(3), 523-533.

8 B. Stadlober, M. Zirkl and M. Irimia-Vladu, Route towards
sustainable smart sensors: ferroelectric polyvinylidene
fluoride-based materials and their integration in flexible
electronics, Chem. Soc. Rev., 2019, 48(6), 1787-1825.

9 J.Kim, A. S. Campbell, B. E. de Avila and J. Wang, Wearable
biosensors for healthcare monitoring, Nat. Biotechnol.,
2019, 37(4), 389-406.

10 Y. R. Yang and W. Gao, Wearable and flexible electronics
for continuous molecular monitoring, Chem. Soc. Rev.,
2019, 48(6), 1465-1491.

11 D. Chen and Q. B. Pei, Electronic muscles and skins: a
review of soft sensors and actuators, Chem. Rev., 2017,
117(17), 11239-11268.

12 Y. Liu, M. Pharr and G. A. Salvatore, Lab-on-skin: a review
of flexible and stretchable electronics for wearable health
monitoring, ACS Nano, 2017, 11(10), 9614-9635.

13 X. Wang, L. Dong, H. Zhang, R. Yu, C. Pan and Z. L. Wang,
Recent progress in electronic skin, Adv. Sci., 2015,
2(10), 1500169.

14 Z. Lou, L. Wang, K. Jiang, Z. Wei and G. Shen, Reviews of
wearable healthcare systems: materials, devices and sys-
tem integration, Mater. Sci. Eng., R, 2020, 140, 100523.

15 A. Chortos, J. Liu and Z. A. Bao, Pursuing prosthetic
electronic skin, Nat. Mater., 2016, 15(9), 937-950.

16 Y. Fang, G. Chen, M. Bick and J. Chen, Smart textiles for
personalized thermoregulation, Chem. Soc. Rev., 2021,
50(17), 9357-9374.

Chem. Soc. Rev., 2022, 51, 3380-3435 | 3411


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

17

18

19

20

21

22

23

24

25

26

27

28

29

3412 |

F. Yi, Z. Zhang, Z. Kang, Q. L. Liao and Y. Zhang, Recent
advances in triboelectric nanogenerator-based health
monitoring, Adv. Funct. Mater., 2019, 29(41), 1808849.

Y. J. Hong, H. Jeong, K. W. Cho, N. Lu and D. H. Kim,
Wearable and implantable devices for cardiovascular
healthcare: from monitoring to therapy based on flexible
and stretchable electronics, Adv. Funct. Mater., 2019,
29(19), 1808247.

Y.J. Gao, L. T. Yu, J. C. Yeo and C. T. Lim, Flexible hybrid
sensors for health monitoring: materials and mechanisms
to render wearability, Adv. Mater., 2019, 32(15), 1902133.
Y. Fang, Y. Zou, J. Xu, G. Chen, Y. Zhou, W. Deng, X. Zhao,
M. Roustaei, T. K. Hsiai and J. Chen, Ambulatory cardio-
vascular monitoring via a machine-learning-assisted textile
triboelectric sensor, Adv. Mater., 2021, 33(41), 2104178.

Y. Su, G. Chen, C. Chen, Q. Gong, G. Xie, M. Yao, H. Tai,
Y. Jiang and J. Chen, Self-powered respiration monitoring
enabled by a triboelectric nanogenerator, Adv. Mater.,
2021, 33(35), 2101262.

X. Yu, Z. Xie, Y. Yu, J. Lee, A. Vazquez-Guardado, H. Luan,
J. Ruban, X. Ning, A. Akhtar, D. Li, B. Ji, Y. Liu, R. Sun,
J. Cao, Q. Huo, Y. Zhong, C. Lee, S. Kim, P. Gutruf,
C. Zhang, Y. Xue, Q. Guo, A. Chempakasseril, P. Tian,
W. Lu, J. Jeong, Y. Yu, J. Cornman, C. Tan, B. Kim, K. Lee,
X. Feng, Y. Huang and ]. A. Rogers, Skin-integrated wire-
less haptic interfaces for virtual and augmented reality,
Nature, 2019, 575(7783), 473-479.

J. Chen, G. Zhuy, J. Yang, Q. Jing, P. Bai, W. Yang, X. Qi,
Y. Su and Z. L. Wang, Personalized keystroke dynamics for
self-powered human-machine interfacing, ACS Nano, 2015,
9(1), 105-116.

M. Zhu, Z. Sun, Z. Zhang, Q. Shi, T. He, H. Liu, T. Chen and
C. Lee, Haptic-feedback smart glove as a creative human-
machine interface (HMI) for virtual/augmented reality
applications, Sci. Adv., 2020, 6(19), eaaz8693.

Z. Zhou, K. Chen, X. Li, S. Zhang, Y. Wu, Y. Zhou, K. Meng,
C. Sun, Q. He, W. Fan, E. Fan, Z. Lin, X. Tan, W. Deng,
J. Yang and ]. Chen, Sign-to-speech translation using
machine-learning-assisted stretchable sensor arrays, Nat.
Electron., 2020, 3, 234.

K. Dong, X. Peng and Z. L. Wang, Fiber/fabric-based piezo-
electric and triboelectric nanogenerators for flexible/
stretchable and wearable electronics and artificial intelli-
gence, Adv. Mater., 2019, 32(5), 1902549.

L. Q. Tao, H. Tian, Y. Liu, Z. Y. Ju, Y. Pang, Y. Q. Chen,
D. Y. Wang, X. G. Tian, J. C. Yan and N. Q. Deng, An
intelligent artificial throat with sound-sensing ability
based on laser induced graphene, Nat. Commun., 2017,
8, 14579.

Y. Wan, Y. Wang and C. F. Guo, Recent progresses on
flexible tactile sensors, Mater. Today Phys., 2017, 1, 61-73.
Y. Zhou, K. Maleski, B. Anasori, J. O. Thostenson, Y. Pang,
Y. Feng, K. Zeng, C. B. Parker, S. Zauscher, Y. Gogotsi,
J. T. Glass and C. Cao, Ti;C,T, MXene-reduced graphene
oxide composite electrodes for stretchable supercapaci-
tors, ACS Nano, 2020, 14(3), 3576-3586.

Chem. Soc. Rev,, 2022, 51, 3380-3435

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

View Article Online

Review Article

Y. Zhou, C. Cao, Y. Cao, Q. Han, C. B. Parker and
J. T. Glass, Robust and high-performance electrodes via
crumpled Au-CNT forests for stretchable supercapacitors,
Matter, 2020, 2(5), 1307-1323.

X. Chu, X. Zhao, Y. Zhou, Y. Wang, X. Han, Y. Zhou, ]J. Ma,
Z. Wang, H. Huang, Z. Xu, C. Yan, H. Zhang, W. Yang and
J. Chen, An ultrathin robust polymer membrane for wear-
able solid-state electrochemical energy storage, Nano
Energy, 2020, 76, 105179.

W. Deng, A. Libanori, X. Xiao, J. Fang, X. Zhao, Y. Zhou,
G. Chen, S. Li and ]J. Chen, Computational investigation of
ultrasound induced electricity generation via a triboelec-
tric nanogenerator, Nano Energy, 2022, 91.

X. Xiao, X. Xiao, Y. Zhou, X. Zhao, G. Chen, Z. Liu, Z. Wang,
C. Lu, M. Hu, A. Nashalian, S. Shen, K. Xie, W. Yang,
Y. Gong, W. Ding, P. Servati, C. Han, S. X. Dou, W. Li and
J. Chen, An ultrathin rechargeable solid-state zinc ion fiber
battery for electronic textiles, Sci. Adv., 2021, 7(49), eabl3742.
I. C.-L. Han and S. Bian, Energy-efficient 5G for a greener
future, Nat. Electron., 2020, 3(4), 182-184.

J. Navarro-Ortiz, P. Romero-Diaz, S. Sendra, P. Ameigeiras,
J. J. Ramos-Munoz and J. M. Lopez-Soler, A survey on 5G
usage scenarios and traffic models, IEEE Commun. Surv.
Tutor., 2020, 22(2), 905-929.

J. Mwangama, B. Malila, T. Douglas and M. Rangaka, What can
5G do for healthcare in Africa?, Nat. Electron., 2020, 3(1), 7-9.
C. T. Lim, Future of health diagnostics, View, 2020, 1(1), e3.
X. Wang, Z. Liu and T. Zhang, Flexible Sensing electronics
for wearable/attachable health monitoring, Small, 2017,
13(25), 1602790.

C. Steiger, A. Abramson, P. Nadeau, A. P. Chandrakasan,
R. Langer and G. Traverso, Ingestible electronics for diag-
nostics and therapy, Nat. Rev. Mater, 2018, 4(2), 83-98.

F. Tasnim, A. Sadraei, B. Datta, M. Khan, K. Y. Choi,
A. Sahasrabudhe, T. A. V. Galvez, I. Wicaksono,
O. Rosello, C. Nunez-Lopez and C. Dagdeviren, Towards
personalized medicine: the evolution of imperceptible
health-care technologies, Foresight, 2018, 20(6), 589-601.
A. Libanori, G. Chen, X. Zhao, Y. Zhou and J. Chen, Smart
textiles for personalized healthcare, Nat. Electron., 2022,
DOI: 10.1038/s41928-022-00723-Z.

K. Meng, S. Zhao, Y. Zhou, Y. Wu, S. Zhang, Q. He,
X. Wang, Z. Zhou, W. Fan, X. Tan, J. Yang and J. Chen, A
wireless textile-based sensor system for self-powered per-
sonalized health care, Matter, 2020, 2(4), 896-907.

Y. Su, T. Yang, X. Zhao, Z. Cai, G. Chen, M. Yao, K. Chen,
M. Bick, J. Wang, S. Li, G. Xie, H. Tai, X. Du, Y. Jiang and
J. Chen, A wireless energy transmission enabled wearable
active acetone biosensor for non-invasive prediabetes diag-
nosis, Nano Energy, 2020, 74, 104941.

G. Chen, X. Xiao, X. Zhao, T. Tat, M. Bick and J. Chen,
Electronic textiles for wearable point-of-care systems,
Chem. Rev., 2021, 122(3), 3259-3291.

K. K. Kim, I. Ha, M. Kim, J. Choi, P. Won, S. Jo and
S. H. Ko, A deep-learned skin sensor decoding the epicen-
tral human motions, Nat. Commun., 2020, 11(1), 2149.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

46

47

48

49

50

51

52

53

54

55

56

57

58

H. Wu, Z. Su, M. Shi, L. Miao, Y. Song, H. Chen, M.
Han and H. Zhang, Self-powered noncontact electronic
skin for motion sensing, Adv. Funct. Mater., 2018,
28(6), 1704641.

X. J. Chou, J. Zhu, S. Qian, X. S. Niuy, J. C. Qian, X. J. Hou,
J. L. Mu, W. P. Geng, J. D. Cho, J. He and C. Y. Xue, All-in-
one filler-elastomer-based high-performance stretchable
piezoelectric nanogenerator for kinetic energy harvesting
and self-powered motion monitoring, Nano Energy, 2018,
53, 550-558.

L. Q. Tao, K. N. Zhang, H. Tian, Y. Liu, D. Y. Wang,
Y. Q. Chen, Y. Yang and T. L. Ren, Graphene-paper
pressure sensor for detecting human motions, ACS Nano,
2017, 11(9), 8790-8795.

K. Wang, Z. Lou, L. Wang, L. Zhao, S. Zhao, D. Wang,
W. Han, K. Jiang and G. Shen, Bioinspired interlocked
structure-induced high deformability for two-dimensional
titanium carbide (MXene)/natural microcapsule-based flex-
ible pressure sensors, ACS Nano, 2019, 13(8), 9139-9147.

N. Kahn, O. Lavie, M. Paz, Y. Segev and H. Haick, Dynamic
nanoparticle-based flexible sensors: diagnosis of ovarian
carcinoma from exhaled breath, Nano Lett., 2015, 15(10),
7023-7028.

C. M. Boutry, L. Beker, Y. Kaizawa, C. Vassos, H. Tran,
A. C. Hinckley, R. Pfattner, S. Niu, J. Li, J. Claverie,
Z. Wang, J. Chang, P. M. Fox and Z. Bao, Biodegradable
and flexible arterial-pulse sensor for the wireless monitor-
ing of blood flow, Nat. Biomed. Eng., 2019, 3(1), 47-57.

Y. Ma, J. Choi, A. Hourlier-Fargette, Y. Xue, H. U. Chung,
J. Y. Lee, X. Wang, Z. Xie, D. Kang, H. Wang, S. Han,
S. K. Kang, Y. Kang, X. Yu, M. J. Slepian, M. S. Raj,
J. B. Model, X. Feng, R. Ghaffari, J. A. Rogers and
Y. Huang, Relation between blood pressure and pulse wave
velocity for human arteries, Proc. Natl. Acad. Sci. U. S. A.,
2018, 115(44), 11144-11149.

C. M. Lochner, Y. Khan, A. Pierre and A. C. Arias, All-
organic optoelectronic sensor for pulse oximetry, Nat.
Commun., 2014, 5, 5745.

Y. Gao, C. Yan, H. Huang, T. Yang, G. Tian, D. Xiong,
N. Chen, X. Chu, S. Zhong, W. Deng, Y. Fang and W. Yang,
Microchannel-confined MXene based flexible piezoresis-
tive multifunctional micro-force sensor, Adv. Funct. Mater.,
2020, 30(11), 1909603.

Y. Su, J. Wang, B. Wang, T. Yang, B. Yang, G. Xie, Y. Zhou,
S. Zhang, H. Tai, Z. Cai, G. Chen, Y. Jiang, L.-Q. Chen and
J. Chen, Alveolus-inspired active membrane sensors for
self-powered wearable chemical sensing and breath analy-
sis, ACS Nano, 2020, 14(5), 6067-6075.

K. Meng, X. Xiao, W. Wei, G. Chen, A. Nashalian, S. Shen,
X. Xiao and J. Chen, Wearable pressure sensors for pulse
wave monitoring, Adv. Mater., 2022, 34, 2109357.

J. Xu, Y. Fang and J. Chen, Wearable biosensors for non-
invasive sweat diagnostics, Biosensors, 2021, 11(8), 245.
H. Jeong, J. A. Rogers and S. Xu, Continuous on-body
sensing for the COVID-19 pandemic: gaps and opportu-
nities, Sci. Adv., 2020, 6, eabd4794.

This journal is © The Royal Society of Chemistry 2022

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

View Article Online

Chem Soc Rev

X. Pu, W. G. Hu and Z. L. Wang, Toward wearable
self-charging power systems: the integration of energy-
harvesting and storage devices, Small, 2018, 14(1),
1702817.

Y. Zi, J. Wang, S. Wang, S. Li, Z. Wen, H. Guo and
Z. L. Wang, Effective energy storage from a triboelectric
nanogenerator, Nat. Commun., 2016, 7(1), 10987.

F.R. Fan, W. Tang and Z. L. Wang, Flexible nanogenerators
for energy harvesting and self-powered electronics, Adv.
Mater., 2016, 28(22), 4283-4305.

Z. Lou, L. Li, L. Wang and G. Shen, Recent progress of self-
powered sensing systems for wearable electronics, Small,
2017, 13(45), 1701791.

J. H. Rao, Z. T. Chen, D. N. Zhao, Y. J. Yin, X. F. Wang and
F. Yi, Recent progress in self-powered skin sensors, Sen-
sors, 2019, 19(12), 2763.

J. Park, Y. Lee, M. Ha, S. Cho and H. Ko, Micro/nanos-
tructured surfaces for self-powered and multifunctional
electronic skins, J. Mater. Chem. B, 2016, 4(18), 2999-3018.
Z. Zhou, S. Padgett, Z. Cai, G. Conta, Y. Wu, Q. He,
S. Zhang, C. Sun, J. Liu, E. Fan, K. Meng, Z. Lin, C. Uy,
J. Yang and J. Chen, Single-layered ultra-soft washable
smart textiles for all-around ballistocardiograph, respira-
tion, and posture monitoring during sleep, Biosens. Bioe-
lectron., 2020, 155, 112064.

J. Chen, G. Zhu, W. Yang, Q. Jing, P. Bai, Y. Yang, T.-C. Hou
and Z. L. Wang, Harmonic-resonator-based triboelectric
nanogenerator as a sustainable power source and a self-
powered active vibration sensor, Adv. Mater., 2013, 25(42),
6094-6099.

M. Zhou, M. S. H. Al-Furjan, J. Zou and W. T. Liu, A review
on heat and mechanical energy harvesting from human -
Principles, prototypes and perspectives, Renewable Sustain-
able Energy Rev., 2018, 82, 3582-3609.

S. Khalid, I. Raouf, A. Khan, N. Kim and H. S. Kim, A review
of human-powered energy harvesting for smart electronics:
recent progress and challenges, Int. J. Pr. Eng. Man-GT,
2019, 6(4), 821-851.

G. Z. Zhang, M. Y. Li, H. L. Li, Q. Wang and S. L. Jiang,
Harvesting energy from human activity: ferroelectric
energy harvesters for portable, implantable, and biomedi-
cal electronics, Energy Technol., 2018, 6(5), 791-812.

J. Selvarathinam and A. Anpalagan, Energy harvesting from
the human body for biomedical applications, IEEE Poten-
tials, 2016, 35(6), 6-12.

Y. Zou, V. Raveendran and J. Chen, Wearable triboelectric
nanogenerators for biomechanical energy harvesting,
Nano Energy, 2020, 77, 105303.

X. Y. Huang, L. Wang, H. C. Wang, B. Z. Zhang, X. B.
Wang, R. Y. Z. Stening, X. Sheng and L. Yin, Materials
strategies and device architectures of emerging power
supply devices for implantable bioelectronics, Small,
2019, 16(15), 1902827.

T. Ghomian and S. Mehraeen, Survey of energy scavenging
for wearable and implantable devices, Energy, 2019, 178,
33-49.

Chem. Soc. Rev,, 2022, 51, 3380-3435 | 3413


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

3414 |

B.]J. Shi, Z. Li and Y. B. Fan, Implantable energy-harvesting
devices, Adv. Mater., 2018, 30(44), 1801511.

M. A. P. Mahmud, N. Huda, S. H. Farjana, M. Asadnia and
C. Lang, Recent advances in nanogenerator-driven self-
powered implantable biomedical devices, Adv. Energy
Mater., 2018, 8(2), 1701210.

Z. B. Yang, S. X. Zhou, J. Zu and D. Inman, High-
performance piezoelectric energy harvesters and their
applications, Joule, 2018, 2(4), 642-697.

H. Liu, J. Zhong, C. Lee, S.-W. Lee and L. Lin, A compre-
hensive review on piezoelectric energy harvesting technol-
ogy: materials, mechanisms, and applications, Appl. Phys.
Rev., 2018, 5(4), 041306.

K. A. Cook-Chennault, N. Thambi and A. M. Sastry, Power-
ing MEMS portable devices-a review of non-regenerative
and regenerative power supply systems with special
emphasis on piezoelectric energy harvesting systems,
Smart Mater. Struct., 2008, 17(4), 043001.

Z. L. Wang, Triboelectric nanogenerator (TENG)-sparking
an energy and sensor revolution, Adv. Energy Mater., 2020,
10(17), 2000137.

J. Chen and Z. L. Wang, Reviving vibration energy harvest-
ing and self-powered sensing by a triboelectric nanogen-
erator, Joule, 2017, 1(3), 480-521.

J. Chen, Y. Huang, N. Zhang, H. Zou, R. Liu, C. Tao, X. Fan
and Z. L. Wang, Micro-cable structured textile for simulta-
neously harvesting solar and mechanical energy, Nat.
Energy, 2016, 1(10), 16138.

W. Deng, Y. Zhou, X. Zhao, S. Zhang, Y. Zou, ]. Xu,
M. H. Yeh, H. Guo and J. Chen, Ternary electrification
layered architecture for high-performance triboelectric
nanogenerators, ACS Nano, 2020, 14(7), 9050-9058.

Z. L. Wang, On Maxwell’s displacement current for energy
and sensors: the origin of nanogenerators, Mater. Today,
2017, 20(2), 74-82.

C. Yan, Y. Gao, S. Zhao, S. Zhang, Y. Zhou, W. Deng, Z. Li,
G. Jiang, L. Jin, G. Tian, T. Yang, X. Chu, D. Xiong, Z. Wang,
Y. Li, W. Yang and J. Chen, A linear-to-rotary hybrid nano-
generator for high-performance wearable biomechanical
energy harvesting, Nano Energy, 2020, 67, 10423.

L. Jin, X. Xiao, W. Deng, A. Nashalian, D. He,
V. Raveendran, C. Yan, H. Su, X. Chu, T. Yang, W. Li,
W. Yang and J. Chen, Manipulating relative permittivity for
high-performance wearable triboelectric nanogenerators,
Nano Lett., 2020, 20, 6404-6411.

L. Zhang, B. Zhang, J. Chen, L. Jin, W. Deng, ]J. Tang,
H. Zhang, H. Pan, M. Zhu, W. Yang and Z. L. Wang, Lawn
structured triboelectric nanogenerators for scavenging
sweeping wind energy on rooftops, Adv. Mater., 2016,
28(8), 1650-1656.

Y. Zhou, W. Deng, J. Xu and J. Chen, Engineering materials
at the nanoscale for triboelectric nanogenerators, Cell Rep.
Phys. Sci., 2020, 1(8), 100142.

Y. Zhou, X. Zhao, J. Xu, Y. Fang, G. Chen, Y. Song, S. Li and
J. Chen, Giant magnetoelastic effect in soft systems for
bioelectronics, Nat. Mater., 2021, 20(12), 1670-1676.

Chem. Soc. Rev., 2022, 51, 3380-3435

89

90

91

92

93

94

95

96

97

98

99

100

101

View Article Online

Review Article

X. Zhao, Y. Zhou, J. Xu, G. Chen, Y. Fang, T. Tat, X. Xiao,
Y. Song, S. Li and J. Chen, Soft fibers with magnetoelasti-
city for wearable electronics, Nat. Commun., 2021,
12(1), 6755.

G. Chen, X. Zhao, S. Andalib, J. Xu, Y. Zhou, T. Tat, K. Lin
and J. Chen, Discovering giant magnetoelasticity in soft
matter for electronic textiles, Matter, 2021, 4(11),
3725-3740.

G. Chen, Y. Zhou, Y. Fang, X. Zhao, S. Shen, T. Tat,
A. Nashalian and ]J. Chen, Wearable ultrahigh current
power source based on giant magnetoelastic effect in soft
elastomer system, ACS Nano, 2021, 15(12), 20582-20589.
X. H. Ren, H. Q. Fan, C. Wang, J. W. Ma, S. H. Lei,
Y. W. Zhao, H. Li and N. S. Zhao, Magnetic force driven
noncontact electromagnetic-triboelectric hybrid nanogen-
erator for scavenging biomechanical energy, Nano Energy,
2017, 35, 233-241.

Z. Wen, H. Guo, Y. Zi, M.-H. Yeh, X. Wang, ]J. Deng,
J. Wang, S. Li, C. Hu, L. Zhu and Z. L. Wang, Harvesting
broad frequency band blue energy by a triboelectric-
electromagnetic hybrid nanogenerator, ACS Nano, 2016,
10(7), 6526-6534.

X. Wang, Z. L. Wang and Y. Yang, Hybridized nanogenerator
for simultaneously scavenging mechanical and thermal ener-
gies by electromagnetic-triboelectric-thermoelectric effects,
Nano Energy, 2016, 26, 164-171.

Z. L. Wang and ]. H. Song, Piezoelectric nanogenerators
based on zinc oxide nanowire arrays, Science, 2006,
312(5771), 242-246.

M. M. Abolhasani, M. Naebe, M. Hassanpour Amiri,
K. Shirvanimoghaddam, S. Anwar, J. J. Michels and
K. Asadi, Hierarchically structured porous piezoelectric
polymer nanofibers for energy harvesting, Adv. Sci., 2020,
7(13), 2000517.

Y. H. Sun, J. G. Chen, X. N. Li, Y. Lu, S. J. Zhang and
Z. X. Cheng, Flexible piezoelectric energy harvester/sensor
with high voltage output over wide temperature range,
Nano Energy, 2019, 61, 337-345.

N. A. Shepelin, A. M. Glushenkov, V. C. Lussini, P. J. Fox,
G. W. Dicinoski, J. G. Shapter and A. V. Ellis, New devel-
opments in composites, copolymer technologies and pro-
cessing techniques for flexible fluoropolymer piezoelectric
generators for efficient energy harvesting, Energy Environ.
Sci., 2019, 12(4), 1143-1176.

M. Safaei, H. A. Sodano and S. R. Anton, A review of energy
harvesting using piezoelectric materials: state-of-the-art a
decade later (2008-2018), Smart Mater. Struct., 2019,
28(11), 113001.

M. Gao, L. Li, W. Li, H. Zhou and Y. Song, Direct writing of
patterned, lead-free nanowire aligned flexible piezoelectric
device, Adv. Sci., 2016, 3(8), 1600120.

D. H. Kim, H. J. Shin, H. Lee, C. K. Jeong, H. Park,
G.-T. Hwang, H.-Y. Lee, D. ]J. Joe, J. H. Han, S. H. Lee,
J. Kim, B. Joung and K. J. Lee, In vivo self-powered wireless
transmission using biocompatible flexible energy harvest-
ers, Adv. Funct. Mater., 2017, 27(25), 1700341.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

102

103

104

105

106

107

108

109

110

111

112

113

114

C. Dagdeviren, B. D. Yang, Y. W. Su, P. L. Tran, P. Joe,
E. Anderson, J. Xia, V. Doraiswamy, B. Dehdashti, X. Feng,
B. W. Lu, R. Poston, Z. Khalpey, R. Ghaffari, Y. G. Huang,
M. J. Slepian and J. A. Rogers, Conformal piezoelectric
energy harvesting and storage from motions of the heart,
lung, and diaphragm, Proc. Natl. Acad. Sci. U. S. A., 2014,
111(5), 1927-1932.

S. K. Ghosh and D. Mandal, Synergistically enhanced
piezoelectric output in highly aligned 1D polymer nanofi-
bers integrated all-fiber nanogenerator for wearable nano-
tactile sensor, Nano Energy, 2018, 53, 245-257.

Y. Jeong, M. Sim, J. H. Shin, J.-W. Choi, J. I. Sohn,
S. N. Cha, H. Choi, C. Moon and J. E. Jang, Psychological
tactile sensor structure based on piezoelectric nanowire
cell arrays, RSC Adv., 2015, 5(50), 40363-40368.

J. Jiang, S. Tu, R. Fu, J. Li, F. Hu, B. Yan, Y. Gu and S. Chen,
Flexible piezoelectric pressure tactile sensor based on
electrospun BaTiOs/poly(vinylidene fluoride) nanocompo-
site membrane, ACS Appl. Mater. Interfaces, 2020, 12(30),
33989-33998.

A. Spanu, L. Pinna, F. Viola, L. Seminara, M. Valle,
A. Bonfiglio and P. Cosseddu, A high-sensitivity tactile
sensor based on piezoelectric polymer PVDF coupled to
an ultra-low voltage organic transistor, Org. Electron., 2016,
36, 57-60.

W. Deng, L. Jin, B. Zhang, Y. Chen, L. Mao, H. Zhang and
W. Yang, A flexible field-limited ordered ZnO nanorod-
based self-powered tactile sensor array for electronic skin,
Nanoscale, 2016, 8(36), 16302-16306.

Y. Liu, R. Bao, J. Tao, J. Li, M. Dong and C. Pan, Recent
progress in tactile sensors and their applications in intel-
ligent systems, Sci. Bull., 2020, 65(1), 70-88.

J. Li, S. Orrego, J. Pan, P. He and S. H. Kang, Ultrasensitive,
flexible, and low-cost nanoporous piezoresistive compo-
sites for tactile pressure sensing, Nanoscale, 2019, 11(6),
2779-2786.

E. Kar, N. Bose, B. Dutta, N. Mukherjee and S. Mukherjee,
Ultraviolet- and microwave-protecting, self-cleaning e-skin
for efficient energy harvesting and tactile mechanosensing,
ACS Appl. Mater. Interfaces, 2019, 11(19), 17501-17512.

D. B. Deutz, N. T. Mascarenhas, J. B. J. Schelen, D. M. de
Leeuw, S. van der Zwaag and P. Groen, Flexible piezo-
electric touch sensor by alignment of lead-free alkaline
niobate microcubes in PDMS, Adv. Funct. Mater., 2017,
27(24), 1700728.

W. Z. Wu, X. N. Wen and Z. L. Wang, Taxel-addressable
matrix of vertical-nanowire piezotronic transistors for
active and adaptive tactile imaging, Science, 2013,
340(6135), 952-957.

H. X. He, Y. M. Fu, W. L. Zang, Q. Wang, L. L. Xing,
Y. Zhang and X. Y. Xue, A flexible self-powered T-ZnO/
PVDF/fabric electronic-skin with multi functions of tactile-
perception, atmosphere-detection and self-clean, Nano
Energy, 2017, 31, 37-48.

L. Jin, S. Ma, W. Deng, C. Yan, T. Yang, X. Chu, G.
Tian, D. Xiong, J. Lu and W. Yang, Polarization-free

This journal is © The Royal Society of Chemistry 2022

115

116

117

118

119

120

121

122

123

124

125

126

View Article Online

Chem Soc Rev

high-crystallization B-PVDF piezoelectric nanogenerator
toward self-powered 3D acceleration sensor, Nano Energy,
2018, 50, 632-638.

H. B. Song, I. Karakurt, M. S. Wei, N. Liu, Y. Chu,
J. W. Zhong and L. W. Lin, Lead iodide nanosheets for
piezoelectric energy conversion and strain sensing, Nano
Energy, 2018, 49, 7-13.

D. S. Kwon, H. J. Ko, M. O. Kim, Y. Oh, J. Sim, K. Lee,
K. H. Cho and J. Kim, Piezoelectric energy harvester
converting strain energy into kinetic energy for extremely
low frequency operation, Appl Phys. Lett, 2014,
104(11), 113904.

X. Liao, Q. Liao, Z. Zhang, X. Yan, Q. Liang, Q. Wang, M. Li
and Y. Zhang, A highly stretchable ZnO@fiber-based mul-
tifunctional nanosensor for strain/temperature/UV detec-
tion, Adv. Funct. Mater., 2016, 26(18), 3074-3081.

T. D. Nguyen, N. Deshmukh, J. M. Nagarah, T. Kramer,
P. K. Purohit, M. J. Berry and M. C. McAlpine, Piezoelectric
nanoribbons for monitoring cellular deformations, Nat.
Nanotechnol., 2012, 7(9), 587-593.

Q. Sun, W. Seung, B. J. Kim, S. Seo, S. W. Kim and
J. H. Cho, Active matrix electronic skin strain sensor based
on piezopotential-powered graphene transistors, Adv.
Mater., 2015, 27(22), 3411-3417.

R. Sun, S. C. Carreira, Y. Chen, C. Xiang, L. Xu, B. Zhang,
M. Chen, I. Farrow, F. Scarpa and J. Rossiter, Stretchable
piezoelectric sensing systems for self-powered and wireless
health monitoring, Adv. Mater. Technol., 2019,
4(5), 1900100.

W. Wang, P. N. Stipp, K. Ouaras, S. Fathi and Y. Y. S.
Huang, Broad bandwidth, self-powered acoustic sensor
created by dynamic near-field electrospinning of sus-
pended, transparent piezoelectric nanofiber mesh, Small,
2020, 16, 2000581.

Y. H. Jung, S. K. Hong, H. S. Wang, J. H. Han, T. X. Pham,
H. Park, J. Kim, S. Kang, C. D. Yoo and K. J. Lee, Flexible
piezoelectric acoustic sensors and machine learning for
speech processing, Adv. Mater., 2019, 32(35), 1904020.

H. S. Lee, J. Chung, G.-T. Hwang, C. K. Jeong, Y. Jung,
J.-H. Kwak, H. Kang, M. Byun, W. D. Kim, S. Hur, S.-H. Oh
and K. J. Lee, Flexible inorganic piezoelectric acoustic
nanosensors for biomimetic artificial hair cells, Adv. Funct.
Mater., 2014, 24(44), 6914-6921.

Y. Q. Fu, J. K. Luo, N. T. Nguyen, A. J. Walton, A. J. Flewitt,
X. T. Zu, Y. Li, G. McHale, A. Matthews, E. Iborra, H. Du
and W. 1. Milne, Advances in piezoelectric thin films for
acoustic biosensors, acoustofluidics and lab-on-chip appli-
cations, Prog. Mater. Sci., 2017, 89, 31-91.

S. Park, X. Guan, Y. Kim, F. P. X. Creighton, E. Wei,
I. J. Kymissis, H. H. Nakajima and E. S. Olson, PVDF-
based piezoelectric microphone for sound detection inside
the cochlea: toward totally implantable cochlear implants,
Trends Hear., 2018, 22, 2331216518774450.

T. H. Lee, C. Y. Chen, C. Y. Tsai and Y. K. Fuh, Near-field
electrospun piezoelectric fibers as sound-sensing ele-
ments, Polymers, 2018, 10(7), 692.

Chem. Soc. Rev., 2022, 51, 3380-3435 | 3415


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

127

128

129

130

131

132

133

134

135

136

137

138

3416 |

J. Zhu, ]J. C. Qian, X. J. Hou, J. He, X. S. Niu, W. P.
Geng, J. L. Mu, W. D. Zhang and X. J. Chou, High-
performance stretchable PZT particles/Cu@Ag branch
nanofibers composite piezoelectric nanogenerator for
self-powered body motion monitoring, Smart Mater.
Struct., 2019, 28(9), 095014.

M.-O. Kim, S. Pyo, Y. Oh, Y. Kang, K.-H. Cho, ]J. Choi and
J. Kim, Flexible and multi-directional piezoelectric energy
harvester for self-powered human motion sensor, Smart
Mater. Struct., 2018, 27(3), 035001.

W. Z. Guo, C. X. Tan, K. M. Shi, J. W. Li, X. X. Wang, B. Sun,
X. Y. Huang, Y. Z. Long and P. K. Jiang, Wireless piezo-
electric devices based on electrospun PVDF/BaTiO; NW
nanocomposite fibers for human motion monitoring,
Nanoscale, 2018, 10(37), 17751-17760.

J. Chun, N. R. Kang, J. Y. Kim, M. S. Noh, C. Y. Kang,
D. Choi, S. W. Kim, Z. L. Wang and J. M. Baik, Highly
anisotropic power generation in piezoelectric hemispheres
composed stretchable composite film for self-powered
motion sensor, Nano Energy, 2015, 11, 1-10.

S. Bodkhe, C. Noonan, F. P. Gosselin and D. Therriault,
Coextrusion of multifunctional smart sensors, Adv. Eng.
Mater., 2018, 20(10), 1800206.

K. C. Pradel, W. Z. Wu, Y. Ding and Z. L. Wang, Solution-
derived ZnO homojunction nanowire films on wearable
substrates for energy conversion and self-powered gesture
recognition, Nano Lett., 2014, 14(12), 6897-6905.

G. R. Zhao, X. D. Zhang, X. Cuo, S. Wang, Z. R. Liu,
L. Deng, A. H. Qi, X. R. Qiao, L. J. Li, C. F. Pan, Y. Zhang
and L. L. Li, Piezoelectric polyacrylonitrile nanofiber film-
based dual-function self-powered flexible sensor, ACS Appl.
Mater. Interfaces, 2018, 10(18), 15855-15863.

K. B. Kim, W. Jang, J. Y. Cho, S. B. Woo, D. H. Jeon,
J. H. Ahn, S. Do Hong, H. Y. Koo and T. H. Sung, Trans-
parent and flexible piezoelectric sensor for detecting
human movement with a boron nitride nanosheet (BNNS),
Nano Energy, 2018, 54, 91-98.

X. Ly, H. Qu and M. Skorobogatiy, Piezoelectric micro- and
nanostructured fibers fabricated from thermoplastic nano-
composites using a fiber drawing technique: comparative
study and potential applications, ACS Nano, 2017, 11(2),
2103-2114.

X. Wang, W.-Z. Song, M.-H. You, J. Zhang, M. Yu, Z. Fan,
S. Ramakrishna and Y.-Z. Long, Bionic single-electrode
electronic skin unit based on piezoelectric nanogenerator,
ACS Nano, 2018, 12(8), 8588-8596.

Y. Chu, J. Zhong, H. Liu, Y. Ma, N. Liu, Y. Song, ]J. Liang,
Z. Shao, Y. Sun, Y. Dong, X. Wang and L. Lin, Human
pulse diagnosis for medical assessments using a wearable
piezoelectret sensing system, Adv. Funct. Mater., 2018,
28(40), 1803413.

D. Y. Park, D. J. Joe, D. H. Kim, H. Park, J. H. Han,
C. K. Jeong, H. Park, J. G. Park, B. Joung and K. J. Lee,
Self-powered real-time arterial pulse monitoring using
ultrathin epidermal piezoelectric sensors, Adv. Mater.,
2017, 29(37), 1702308.

Chem. Soc. Rev., 2022, 51, 3380-3435

139

140

141

142

143

144

145

146

147

148

149

150

View Article Online

Review Article

X. L. Chen, K. Parida, J. X. Wang, J. Q. Xiong, M. F. Lin,
J. Y. Shao and P. S. Lee, A stretchable and transparent
nanocomposite nanogenerator for self-powered physiolo-
gical monitoring, ACS Appl. Mater. Interfaces, 2017, 9(48),
42200-422009.

S. K. Ghosh and D. Mandal, Sustainable energy generation
from piezoelectric biomaterial for noninvasive physiologi-
cal signal monitoring, ACS Sustainable Chem. Eng., 2017,
5(10), 8836-8843.

N. Wu, X. Cheng, Q. Zhong, J. Zhong, W. Li, B. Wang, B. Hu
and J. Zhou, Cellular polypropylene piezoelectret for
human body energy harvesting and health monitoring,
Adv. Funct. Mater., 2015, 25(30), 4788-4794.

M. Z. Xu, H. Kang, L. Guan, H. Y. Li and M. N. Zhang,
Facile fabrication of a flexible LiNbO; piezoelectric sensor
through hot pressing for biomechanical monitoring, ACS
Appl. Mater. Interfaces, 2017, 9(40), 34687-34695.

C. Dagdeviren, Y. Su, P. Joe, R. Yona, Y. Liu, Y. S. Kim,
Y. Huang, A. R. Damadoran, J. Xia and L. W. Martin,
Conformable amplified lead zirconate titanate sensors
with enhanced piezoelectric response for cutaneous pres-
sure monitoring, Nat. Commun., 2014, 5(7697), 4496.
S.-H. Park, H. B. Lee, S. M. Yeon, ]J. Park and N. K. Lee,
Flexible and stretchable piezoelectric sensor with
thickness-tunable configuration of electrospun nanofiber
mat and elastomeric substrates, ACS Appl. Mater. Inter-
faces, 2016, 8(37), 24773-24781.

K. Y. Shin, J. S. Lee and ]. Jang, Highly sensitive, wearable
and wireless pressure sensor using free-standing ZnO
nanoneedle/PVDF hybrid thin film for heart rate monitor-
ing, Nano Energy, 2016, 22, 95-104.

Z. Liu, S. Zhang, Y. M. Jin, H. Ouyang, Y. Zou, X. X. Wang,
L. X. Xie and Z. Li, Flexible piezoelectric nanogenerator in
wearable self-powered active sensor for respiration and
healthcare monitoring, Semicond. Sci. Technol., 2017,
32(6), 064004.

X. L. Chen, X. M. Li, J. Y. Shao, N. L. An, H. M. Tian,
C. Wang, T. Y. Han, L. Wang and B. H. Lu, High-
performance piezoelectric nanogenerators with imprinted
P(VDF-TrFE)/BaTiO; nanocomposite micropillars for self-
powered flexible sensors, Small, 2017, 13(23), 1604245.

K. Roy, S. K. Ghosh, A. Sultana, S. Garain, M. Y. Xie,
C. R. Bowen, K. Henkel, D. Schmeisser and D. Mandal, A
self-powered wearable pressure sensor and pyroelectric
breathing sensor based on GO interfaced PVDF nanofi-
bers, ACS Appl. Nano Mater., 2019, 2(4), 2013-2025.

J. Chen, H. Liu, W. Wang, N. Nabulsi, W. Zhao, J. Y. Kim,
M. K. Kwon and J. H. Ryou, High durable, biocompatible,
and flexible piezoelectric pulse sensor using single-
crystalline III-N thin film, Adv. Funct. Mater., 2019,
29(37), 1903162.

N. Raj, N. R. Alluri, V. Vivekananthan, A. Chandrasekhar,
G. Khandelwal and S. J. Kim, Sustainable yarn type-
piezoelectric energy harvester as an eco-friendly, costeffec-
tive battery-free breath sensor, Appl. Energy, 2018, 228,
1767-1776.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

151

152

153

154

155

156

157

158

159

160

161

L. Jin, Y. Zheng, Z. Liu, J. Li, H. Zhai, Z. Chen and Y.
Li, Design of ultrasensitive flexible bend sensor using
silver-doped oriented PVDF nanofiber web for respiratory
monitoring, ACS Appl. Mater. Interfaces, 2019, 12(1),
1359-1367.

C. Dagdeviren, Y. Shi, P. Joe, R. Ghaffari, G. Balooch,
K. Usgaonkar, O. Gur, P. L. Tran, J. R. Crosby, M. Meyer,
Y. Su, R. Chad Webb, A. S. Tedesco, M. J. Slepian, Y. Huang
and J. A. Rogers, Conformal piezoelectric systems for
clinical and experimental characterization of soft tissue
biomechanics, Nat. Mater., 2015, 14(7), 728-736.

X. Yu, H. Wang, X. Ning, R. Sun, H. Albadawi, M. Salomao,
A. C. Silva, Y. Yu, L. Tian, A. Koh, C. M. Lee,
A. Chempakasseril, P. Tian, M. Pharr, J. Yuan, Y. Huang,
R. Oklu and J. A. Rogers, Needle-shaped ultrathin piezo-
electric microsystem for guided tissue targeting via
mechanical sensing, Nat. Biomed. Eng., 2018, 2(3), 165-172.
C. Wang, X. Li, H. Hu, L. Zhang, Z. Huang, M. Lin,
Z. Zhang, Z. Yin, B. Huang, H. Gong, S. Bhaskaran,
Y. Gu, M. Makihata, Y. Guo, Y. Lei, Y. Chen, C. Wang,
Y. Li, T. Zhang, Z. Chen, A. P. Pisano, L. Zhang, Q. Zhou
and S. Xu, Monitoring of the central blood pressure wave-
form via a conformal ultrasonic device, Nat. Biomed. Eng.,
2018, 2(9), 687-695.

X. Cheng, X. Xue, Y. Ma, M. Han, W. Zhang, Z. Xu,
H. Zhang and H. Zhang, Implantable and self-powered
blood pressure monitoring based on a piezoelectric thin-
film: simulated, in vitro and in vivo studies, Nano Energy,
2016, 22, 453-460.

G. Zhu, A. C. Wang, Y. Liu, Y. Zhou and Z. L. Wang,
Functional electrical stimulation by nanogenerator with
58 V output voltage, Nano Lett., 2012, 12(6), 3086-3090.
D. K. Piech, B. C. Johnson, K. Shen, M. M. Ghanbari,
K. Y. Li, R. M. Neely, J. E. Kay, J. M. Carmena,
M. M. Maharbiz and R. Muller, A wireless millimetre-
scale implantable neural stimulator with ultrasonically
powered bidirectional communication, Nat. Biomed. Eng.,
2020, 4(2), 207-222.

L.Jiang, Y. Yang, R. Chen, G. Lu, R. Li, J. Xing, K. K. Shung,
M. S. Humayun, J. Zhu, Y. Chen and Q. Zhou, Ultrasound-
induced wireless energy harvesting for potential retinal
electrical stimulation application, Adv. Funct. Mater., 2019,
29(33), 1902522.

J. Charthad, T. C. Chang, Z. Liu, A. Sawaby, M. J. Weber,
S. Baker, F. Gore, S. A. Felt and A. Arbabian, A mm-sized
wireless implantable device for electrical stimulation of
peripheral nerves, IEEE Trans. Biomed. Circuits. Syst., 2018,
12(2), 257-270.

Q. Shi, T. Wang and C. Lee, MEMS based broadband
piezoelectric ultrasonic energy harvester (PUEH) for
enabling self-powered implantable biomedical devices,
Sci. Rep., 2016, 6, 24946.

G. Murillo, A. Blanquer, C. Vargas-Estevez, L. Barrios,
E. Ibanez, C. Nogues and ]. Esteve, Electromechanical
nanogenerator-cell interaction modulates cell activity,
Adv. Mater., 2017, 29(24), 1605048.

This journal is © The Royal Society of Chemistry 2022

162

163

164

165

166

167

168

169

170

171

172

View Article Online

Chem Soc Rev

X. D. Zhang, X. Cui, D. C. Wang, S. Wang, Z. R. Liu,
G. R. Zhao, Y. Zhang, Z. Li, Z. L. Wang and L. L.
Li, Piezoelectric nanotopography induced neuron-like dif-
ferentiation of stem cells, Adv. Funct. Mater., 2019,
29(22), 1900372.

X. Zhang, C. Zhang, Y. Lin, P. Hu, Y. Shen, K. Wang,
S. Meng, Y. Chai, X. Dai, X. Liu, Y. Liu, X. Mo, C. Cao, S. Li,
X. Deng and L. Chen, Nanocomposite membranes
enhance bone regeneration through restoring physiologi-
cal electric microenvironment, ACS Nano, 2016, 10(8),
7279-7286.

A. Marino, S. Arai, Y. Hou, E. Sinibaldi, M. Pellegrino,
Y.-T. Chang, B. Mazzolai, V. Mattoli, M. Suzuki and
G. Ciofani, Piezoelectric nanoparticle-assisted wireless
neuronal stimulation, ACS Nano, 2015, 9(7), 7678-7689.
M. Kitsara, A. Blanquer, G. Murillo, V. Humblot, S. De
Braganca Vieira, C. Nogues, E. Ibanez, ]J. Esteve and
L. Barrios, Permanently hydrophilic, piezoelectric PVDF
nanofibrous scaffolds promoting unaided electromechani-
cal stimulation on osteoblasts, Nanoscale, 2019, 11(18),
8906-8917.

J. I. Kim, T. I. Hwang, J. C. Lee, C. H. Park and C. S. Kim,
Regulating Electrical Cue and Mechanotransduction in
topological gradient structure modulated piezoelectric
scaffolds to predict neural cell response, Adv. Funct. Mater.,
2019, 30(3), 1907330.

G. Ciofani, S. Danti, D. D’Alessandro, L. Ricotti, S.
Moscato, G. Bertoni, A. Falqui, S. Berrettini, M. Petrini,
V. Mattoli and A. Menciassi, Enhancement of neurite out-
growth in neuronal-like cells following boron nitride
nanotube-mediated stimulation, ACS Nano, 2010, 4(10),
6267-6277.

Z. N. Zhou, P. Yu, L. Zhou, L. J. Tu, L. Fan, F. M. Zhang,
C. Dai, Y. Liu, C. Y. Ning, J. Q. Du and G. X. Tan, Poly-
pyrrole nanocones and dynamic piezoelectric stimulation-
induced stem cell osteogenic differentiation, ACS Biomater.
Sci. Eng., 2019, 5(9), 4386-4392.

C. Ribeiro, J. Parssinen, V. Sencadas, V. Correia,
S. Miettinen, V. P. Hytonen and S. Lanceros-Mendez,
Dynamic piezoelectric stimulation enhances osteogenic
differentiation of human adipose stem cells, J. Biomed.
Mater. Res. A, 2015, 103(6), 2172-2175.

M. Hoop, X. Z. Chen, A. Ferrari, F. Mushtaq, G. Ghazaryan,
T. Tervoort, D. Poulikakos, B. Nelson and S. Pane,
Ultrasound-mediated piezoelectric differentiation of
neuron-like PC12 cells on PVDF membranes, Sci. Rep.,
2017, 7(1), 4028.

P. Hitscherich, S. Wu, R. Gordan, L. H. Xie, T. Arinzeh and
E. J. Lee, The effect of PVDF-TrFE scaffolds on stem cell
derived cardiovascular cells, Biotechnol. Bioeng., 2016,
113(7), 1577-1585.

P.J. Gouveia, S. Rosa, L. Ricotti, B. Abecasis, H. V. Almeida,
L. Monteiro, J. Nunes, F. S. Carvalho, M. Serra, S. Luchkin,
A. L. Kholkin, P. M. Alves, P. J. Oliveira, R. Carvalho,
A. Menciassi, R. P. Neves and L. S. Ferreira, Flexible
nanofilms coated with aligned piezoelectric microfibers

Chem. Soc. Rev,, 2022, 51, 3380-3435 | 3417


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

173

174

175

176

177

178

179

180

181

182

183

184

185

3418 |

preserve the contractility of cardiomyocytes, Biomaterials,
2017, 139, 213-228.

E. O. Carvalho, M. M. Fernandes, J. Padrao, A. Nicolau,
J. Marques-Marchan, A. Asenjo, F. M. Gama, C. Ribeiro and
S. Lanceros-Mendez, Tailoring bacteria response by piezo-
electric stimulation, ACS Appl. Mater. Interfaces, 2019,
11(30), 27297-27305.

S. H. Bhang, W. S. Jang, J. Han, J.-K. Yoon, W.-G. La, E.
Lee, Y. S. Kim, J.-Y. Shin, T.-J. Lee, H. K. Baik and B.-S.
Kim, Zinc oxide nanorod-based piezoelectric dermal
patch for wound healing, Adv. Funct. Mater., 2017,
27(1), 1603497.

P. Yu, C. Ning, Y. Zhang, G. Tan, Z. Lin, S. Liu, X. Wang,
H. Yang, K. Li, X. Yi, Y. Zhu and C. Mao, Bone-inspired
spatially specific piezoelectricity induces bone regenera-
tion, Theranostics, 2017, 7(13), 3387-3397.

A. C. Wang, Z. Liu, M. Hu, C. C. Wang, X. D. Zhang,
B. J. Shi, Y. B. Fan, Y. G. Cui, Z. Li and K. L. Ren, Piezo-
electric nanofibrous scaffolds as in vivo energy harvesters
for modifying fibroblast alignment and proliferation in
wound healing, Nano Energy, 2018, 43, 63-71.

Y. Liu, X. Zhang, C. Cao, Y. Zhang, J. Wei, Y. J. Li, W. Liang,
Z. Hu, J. Zhang, Y. Wei and X. Deng, Built-in electric fields
dramatically induce enhancement of osseointegration,
Adv. Funct. Mater., 2017, 27(47), 1703771.

H. F. Guo, Z. S. Li, S. W. Dong, W. ]J. Chen, L. Deng,
Y. F. Wang and D. J. Ying, Piezoelectric PU/PVDF electro-
spun scaffolds for wound healing applications, Colloids
Surf, B, 2012, 96, 29-36.

Y. Cheng, Y. Xu, Y. Qian, X. Chen, Y. Ouyang and
W.-E. Yuan, 3D structured self-powered PVDF/PCL scaf-
folds for peripheral nerve regeneration, Nano Energy, 2020,
69, 104411.

D. Santos, D. M. Silva, P. S. Gomes, M. H. Fernandes,
J. D. Santos and V. Sencadas, Multifunctional PLLA-
ceramic fiber membranes for bone regeneration applica-
tions, J. Colloid Interface Sci., 2017, 504, 101-110.

J. Jacob, N. More, K. Kalia and G. Kapusetti, Piezoelectric
smart biomaterials for bone and cartilage tissue engineer-
ing, Inflamm. Regen., 2018, 38, 2.

Y. Zhang, L. Chen, J. Zeng, K. Zhou and D. Zhang, Aligned
porous barium titanate/hydroxyapatite composites with
high piezoelectric coefficients for bone tissue engineering,
Mater. Sci. Eng., C, 2014, 39, 143-149.

A. Bagchi, S. R. Meka, B. N. Rao and K. Chatterjee, Per-
ovskite ceramic nanoparticles in polymer composites for
augmenting bone tissue regeneration, Nanotechnology,
2014, 25(48), 485101.

L. Liu, B. Chen, K. Liu, J. B. Gao, Y. C. Ye, Z. Wang, N.
Qin, D. A. Wilson, Y. F. Tu and F. Peng, Wireless manip-
ulation of magnetic/piezoelectric micromotors for precise
neural stem-like cell stimulation, Adv. Funct. Mater., 2020,
30(11), 1910108.

M. Nafea, A. Nawabjan and M. S. Mohamed Ali, A
wirelessly-controlled piezoelectric microvalve for regulated
drug delivery, Sens. Actuators, A, 2018, 279, 191-203.

Chem. Soc. Rev,, 2022, 51, 3380-3435

186

187

188

189

190

191

192

193

194

195

196

197

198

View Article Online

Review Article

F. Mushtaq, H. Torlakcik, M. Hoop, B. Jang, F. Carlson,
T. Grunow, N. Laubli, A. Ferreira, X. Z. Chen, B. J. Nelson
and S. Pané, Motile piezoelectric nanoeels for targeted
drug delivery, Adv. Funct. Mater., 2019, 29(12), 1808135.
X. Z. Chen, M. Hoop, N. Shamsudhin, T. Huang, B. Ozkale,
Q. Li, E. Siringil, F. Mushtaq, L. Di Tizio, B. J. Nelson and
S. Pane, Hybrid magnetoelectric nanowires for nanorobo-
tic applications: fabrication, magnetoelectric coupling,
and magnetically assisted in vitro targeted drug delivery,
Adv. Mater., 2017, 29(8), 1605458.

G.-T. Hwang, Y. Kim, J.-H. Lee, S. Oh, C. K. Jeong,
D. Y. Park, J. Ryu, H. Kwon, S.-G. Lee, B. Joung, D. Kim
and K. J. Lee, Self-powered deep brain stimulation via a
flexible PIMNT energy harvester, Energy Environ. Sci., 2015,
8(9), 2677-2684.

K. Kapat, Q. T. H. Shubhra, M. Zhou and S. Leeuwenburgh,
Piezoelectric nano-biomaterials for biomedicine and tissue
regeneration, Adv. Funct. Mater., 2020, 1909045.

C. Ribeiro, V. Sencadas, D. M. Correia and S. Lanceros-
Mendez, Piezoelectric polymers as biomaterials for tissue
engineering applications, Colloids Surf., B, 2015, 136, 46-55.
Y. Y. Zhang, C. F. Lu, B. W. Lu, X. Feng and J. Wang, Effects
of orientations on efficiency of energy harvesting from
heart motion using ultrathin flexible piezoelectric devices,
Adv. Theory Simul., 2019, 2(7), 1900050.

X. Yuan, X. Gao, J. Yang, X. Shen, Z. Li, S. You, Z. Wang and
S. Dong, The large piezoelectricity and high power density
of a 3D-printed multilayer copolymer in a rugby ball-
structured mechanical energy harvester, Energy Environ.
Sci., 2020, 13(1), 152-161.

W. Zeng, X. M. Tao, S. Chen, S. M. Shang, H. L. W. Chan
and S. H. Choy, Highly durable all-fiber nanogenerator for
mechanical energy harvesting, Energy Environ. Sci., 2013,
6(9), 2631-2638.

T. Yang, H. Pan, G. Tian, B. Zhang, D. Xiong, Y. Gao,
C. Yan, X. Chu, N. Chen, S. Zhong, L. Zhang, W. Deng and
W. Yang, Hierarchically structured PVDF/ZnO core-shell
nanofibers for self-powered physiological monitoring elec-
tronics, Nano Energy, 2020, 72, 104706.

C. Yan, W. L. Deng, L. Jin, T. Yang, Z. X. Wang, X. Chu,
H. Su, J. Chen and W. Q. Yang, Epidermis-inspired ultra-
thin 3d cellular sensor array for self-powered biomedical
monitoring, ACS Appl. Mater. Interfaces, 2018, 10(48),
41070-41075.

E. J. Lee, T. Y. Kim, S.-W. Kim, S. Jeong, Y. Choi and
S. Y. Lee, High-performance piezoelectric nanogenerators
based on chemically-reinforced composites, Energy
Environ. Sci., 2018, 11(6), 1425-1430.

J. Curie and P. Curie, Développement par compression de
I'électricité polaire dans les cristaux hémiedres a faces
inclinées, Bulletin de minéralogie, 1880, 3(4), 90-93.

M. Xie, Y. Zhang, M. J. Krasny, C. Bowen, H. Khanbareh
and N. Gathercole, Flexible and active self-powered pres-
sure, shear sensors based on freeze casting ceramic-
polymer composites, Energy Environ. Sci., 2018, 11(10),
2919-2927.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

M. M. Yang, Z. D. Luo, Z. Mi, J. Zhao, S. P. E and M. Alexe,
Piezoelectric and pyroelectric effects induced by interface
polar symmetry, Nature, 2020, 584(7821), 377-381.

I. Katsouras, K. Asadi, M. Li, T. B. van Driel, K. S. Kjaer,
D. Zhao, T. Lenz, Y. Gu, P. W. Blom, D. Damjanovic,
M. M. Nielsen and D. M. de Leeuw, The negative piezo-
electric effect of the ferroelectric polymer poly(vinylidene
fluoride), Nat. Mater., 2016, 15(1), 78-84.

Y. Liu, B. Zhang, W. Xu, A. Haibibu, Z. Han, W. Lu, J. Bernholc
and Q. Wang, Chirality-induced relaxor properties in ferro-
electric polymers, Nat. Mater., 2020, 19, 1169-1174.

G. Zhu, R. Yang, S. Wang and Z. L. Wang, Flexible high-
output nanogenerator based on lateral ZnO nanowire
array, Nano Lett., 2010, 10(8), 3151-3155.

Z. L. Wang, From nanogenerators to piezotronics-A
decade-long study of ZnO nanostructures, MRS Bull.,
2012, 37(9), 814-827.

Y. Wei, W. Wu, R. Guo, D. Yuan, S. Das and Z. L. Wang,
Wafer-scale high-throughput ordered growth of vertically
aligned ZnO nanowire arrays, Nano Lett., 2010, 10(9),
3414-3419.

Z. L. Wang, ZnO nanowire and nanobelt platform for
nanotechnology, Mater. Sci. Eng., R, 2009, 64(3-4), 33-71.
C. Jinsung, L. K. Young, C. Y. Kang, K. M. Wha, K. Sang-
Woo and B. ]J. Min, Embossed hollow hemisphere-based
piezoelectric nanogenerator and highly responsive pres-
sure sensor, Adv. Funct. Mater., 2014, 24(14), 2038-2043.
S. Xu, Y. Qin, C. Xu, Y. Wei, R. Yang and Z. L. Wang, Self-
powered nanowire devices, Nat. Nanotechnol., 2010, 5(5),
366-373.

S. H. Baek and I. K. Park, Flexible piezoelectric nanogen-
erators based on a transferred ZnO nanorod/Si micro-pillar
array, Nanotechnology, 2017, 28(9), 095401.

H. V. Ngoc and D. J. Kang, Flexible, transparent and
exceptionally high power output nanogenerators based
on ultrathin ZnO nanoflakes, Nanoscale, 2016, 8(9),
5059-5066.

F. Guido, A. Qualtieri, L. Algieri, E. D. Lemma, M. De
Vittorio and M. T. Todaro, AlN-based flexible piezoelectric
skin for energy harvesting from human motion, Microelec-
tron. Eng., 2016, 159, 174-178.

X. Zhao, Z. Shang, G. Luo and L. Deng, A vibration energy
harvester using AIN piezoelectric cantilever array, Micro-
electron. Eng., 2015, 142, 47-51.

M. Patru, L. Isac, L. Cunha, P. Martins, S. Lanceros-
Mendez, G. Oncioiu, D. Cristea and D. Munteanu, Struc-
tural, mechanical and piezoelectric properties of polycrys-
talline AIN films sputtered on titanium bottom electrodes,
Appl. Surf. Sci., 2015, 354, 267-278.

S. H. Shin, Y. H. Kim, M. H. Lee, J. Y. Jung and J. Nah,
Hemispherically aggregated BaTiO; nanoparticle compo-
site thin film for high-performance flexible piezoelectric
nanogenerator, ACS Nano, 2014, 8(3), 2766-2773.

K. L. Park, S. Xu, Y. Liu, G. T. Hwang, S. J. Kang, Z. L. Wang
and K. J. Lee, Piezoelectric BaTiO; thin film nanogenerator
on plastic substrates, Nano Lett., 2010, 10(12), 4939.

This journal is © The Royal Society of Chemistry 2022

215

216

217

218

219

220

221

222

223

224

225

226

View Article Online

Chem Soc Rev

J. Lim, H. Jung, C. Baek, G.-T. Hwang, J. Ryu, D. Yoon,
J. Yoo, K.-I. Park and J. H. Kim, All-inkjet-printed flexible
piezoelectric generator made of solvent evaporation
assisted BaTiO3; hybrid material, Nano Energy, 2017, 41,
337-343.

K. I. Park, J. H. Son, G. T. Hwang, C. K. Jeong, J. Ryu,
M. Koo, I. Choi, S. H. Lee, M. Byun, Z. L. Wang and K. Lee,
Highly-efficient, flexible piezoelectric PZT thin film nano-
generator on plastic substrates, Adv. Mater., 2014,
26(16), 2514.

J. Kwon, W. Seung, B. K. Sharma, S.-W. Kim and J.-H. Ahn,
A high performance PZT ribbon-based nanogenerator
using graphene transparent electrodes, Energy Environ.
Sci., 2012, 5(10), 8970-8975.

G. Z. Zhang, P. Zhao, X. S. Zhang, K. Han, T. K. Zhao,
Y. Zhang, C. K. Jeong, S. L. Jiang, S. L. Zhang and Q. Wang,
Flexible three-dimensional interconnected piezoelectric
ceramic foam based composites for highly efficient con-
current mechanical and thermal energy harvesting, Energy
Environ. Sci., 2018, 11(8), 2046-2056.

G. T. Hwang, H. Park, J. H. Lee, S. K. Oh, K. I. Park,
M. Byun, H. Park, G. Ahn, K. J. Chang and K. No, Self-
powered cardiac pacemaker enabled by flexible single
crystalline PMN-PT piezoelectric energy harvester, Adv.
Mater., 2014, 26(28), 4880-4887.

Y. Chen, Y. Zhang, F. F. Yuan, F. Ding and O. G. Schmidt, A
flexible PMN-PT ribbon-based piezoelectric-pyroelectric
hybrid generator for human-activity energy harvesting
and monitoring, Adv. Electron. Mater., 2017, 3(3), 1600540.
Z.Zeng, L. L. Gai, A. Petitpas, Y. Li, H. S. Luo, D. Wang and
X. Y. Zhao, A flexible, sandwich structure piezoelectric
energy harvester using PIN-PMN-PT/epoxy 2-2 composite
flake for wearable application, Sens. Actuators, A, 2017, 265,
62-69.

W. Wu, L. Wang, Y. Li, F. Zhang, L. Lin, S. Niu, D. Chenet,
X. Zhang, Y. Hao, T. F. Heinz, J. Hone and Z. L. Wang,
Piezoelectricity of single-atomic-layer MoS, for energy con-
version and piezotronics, Nature, 2014, 514(7523),
470-474.

Y. L. Zhou, W. Liu, X. Huang, A. H. Zhang, Y. Zhang and
Z. L. Wang, Theoretical study on two-dimensional MoS,
piezoelectric nanogenerators, Nano Res., 2016, 9(3),
800-807.

S. A. Han, T. H. Kim, S. K. Kim, K. H. Lee, H. J. Park,
J. H. Lee and S. W. Kim, Point-defect-passivated MoS,
nanosheet-based high performance piezoelectric nanogen-
erator, Adv. Mater., 2018, 30(21), 1800342.

M. Dai, W. Zheng, X. Zhang, S. Wang, J. Lin, K. Li, Y. Hu,
E. Sun, J. Zhang, Y. Qiu, Y. Fu, W. Cao and P. Hu,
Enhanced piezoelectric effect derived from grain boundary
in MoS, monolayers, Nano Lett., 2020, 20(1), 201-207.

J. K. Han, S. Kim, S. Jang, Y. R. Lim, S.-W. Kim, H. Chang,
W. Song, S. S. Lee, J. Lim, K.-S. An and S. Myung, Tunable
piezoelectric nanogenerators using flexoelectricity of well-
ordered hollow 2D MoS, shells arrays for energy harvest-
ing, Nano Energy, 2019, 61, 471-477.

Chem. Soc. Rev., 2022, 51, 3380-3435 | 3419


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

227

228

229

230

231

232

233

234

235

236

237

238

239

240

3420 |

J. K. Han, M. A. Kang, C. Y. Park, M. Lee, S. Myung,
W. Song, S. S. Lee, J. Lim and K. S. An, Attachable piezo-
electric nanogenerators using collision-induced strain of
vertically grown hollow MoS, nanoflakes, Nanotechnology,
2019, 30(33), 335402.

D. Z. Zhang, Z. M. Yang, P. Li, M. S. Pang and Q. Z. Xue,
Flexible self-powered high-performance ammonia sensor
based on Au-decorated MoSe, nanoflowers driven by single
layer MoS,-flake piezoelectric nanogenerator, Nano Energy,
2019, 65, 103974.

L. K. Yu, P. D. Zhou, D. Z. Wu, L. Y. Wang, L. W. Lin and
D. H. Sun, Shoepad nanogenerator based on electrospun
PVDF nanofibers, Microsyst. Technol., 2019, 25(8),
3151-3156.

A. Lund, K. Rundgqpvist, E. Nilsson, L. Yu, B. Hagstrom and
C. Miiller, Energy harvesting textiles for a rainy day: woven
piezoelectrics based on melt-spun PVDF microfibres with a
conducting core, npj Flex. Electron., 2018, 2(1), 1-9.

R. Guo, H. L. Zhang, S. L. Cao, X. J. Cui, Z. C. Yan and
S. B. Sang, A self-powered stretchable sensor fabricated by
serpentine PVDF film for multiple dynamic monitoring,
Mater. Des, 2019, 182, 108025.

X. Chen, X. Han and Q. D. Shen, PVDF-based ferroelectric
polymers in modern flexible electronics, Adv. Electron.
Mater., 2017, 3(5), 1600460.

G. Wang, T. Liu, X.-C. Sun, P. Li, Y.-S. Xu, J.-G. Hua,
Y.-H. Yu, S.-X. Li, Y.-Z. Dai, X.-Y. Song, C. Lv and H. Xia,
Flexible pressure sensor based on PVDF nanofiber, Sens.
Actuators, A, 2018, 280, 319-325.

S. B. Gong, B. W. Zhang, J. X. Zhang, Z. L. Wang and
K. L. Ren, Biocompatible poly(lactic acid)-based hybrid
piezoelectric and electret nanogenerator for electronic skin
applications, Adv. Funct. Mater., 2020, 30(14), 1908724.

A. Sultana, S. K. Ghosh, V. Sencadas, T. Zheng,
M. J. Higgins, T. R. Middya and D. Mandal, Human skin
interactive self-powered wearable piezoelectric bio-e-skin
by electrospun poly-i-lactic acid nanofibers for non-
invasive physiological signal monitoring, J. Mater. Chem.
B, 2017, 5(35), 7352-7359.

S. J. Lee, A. P. Arun and K. ]J. Kim, Piezoelectric properties
of electrospun poly(r-lactic acid) nanofiber web, Mater.
Lett., 2015, 148, 58-62.

J. Zhu, L. Jia and R. Huang, Electrospinning poly(ir-lactic
acid) piezoelectric ordered porous nanofibers for strain
sensing and energy harvesting, J. Mater. Sci. Mater. Elec-
tron., 2017, 28(16), 12080-12085.

J. H. Lee, J. H. Lee, J. Xiao, M. S. Desai, X. Zhang and
S. W. Lee, Vertical self-assembly of polarized phage nanos-
tructure for energy harvesting, Nano Lett., 2019, 19(4),
2661-2667.

K. Heo, H.-E. Jin, H. Kim, ]J. H. Lee, E. Wang and S.-W. Lee,
Transient self-templating assembly of M13 bacteriophage
for enhanced biopiezoelectric devices, Nano Energy, 2019,
56, 716-723.

D.-M. Shin, H. J. Han, W.-G. Kim, E. Kim, C. Kim,
S. W. Hong, H. K. Kim, J.-W. Oh and Y.-H. Hwang,

Chem. Soc. Rev,, 2022, 51, 3380-3435

241

242

243

244

245

246

247

248

249

250

251

252

253

254

View Article Online

Review Article

Bioinspired piezoelectric nanogenerators based on verti-
cally aligned phage nanopillars, Energy Environ. Sci., 2015,
8(11), 3198-3203.

I. W. Park, K. W. Kim, Y. Hong, H. ]J. Yoon, Y. Lee, D. Gwak
and K. Heo, Recent developments and prospects of M13-
bacteriophage based piezoelectric energy harvesting
devices, Nanomaterials, 2020, 10(1), 93.

S. K. Karan, S. Maiti, S. Paria, A. Maitra, S. K. Si, J. K. Kim and
B. B. Khatua, A new insight towards eggshell membrane as
high energy conversion efficient bio-piezoelectric energy
harvester, Mater. Today Energy, 2018, 9, 114-125.

A. Gaur, S. Tiwari, C. Kumar and P. Maiti, A bio-based
piezoelectric nanogenerator for mechanical energy har-
vesting using nanohybrid of poly(vinylidene fluoride),
Nanoscale Adv., 2019, 1(8), 3200-3211.

S. K. Ghosh and D. Mandal, High-performance bio-
piezoelectric nanogenerator made with fish scale, Appl.
Phys. Lett., 2016, 109(10), 103701.

J. Yan, Y. Han, S. Xia, X. Wang, Y. Zhang, J. Yu and B. Ding,
Polymer template synthesis of flexible BaTiOj; crystal nano-
fibers, Adv. Funct. Mater., 2019, 29(51), 1907919.

K. M. Shi, B. Sun, X. Y. Huang and P. K. Jiang, Synergistic
effect of graphene nanosheet and BaTiO; nanoparticles on
performance enhancement of electrospun PVDF nanofiber
mat for flexible piezoelectric nanogenerators, Nano Energy,
2018, 52, 153-162.

C. K. Jeong, I. Kim, K.-I. Park, M. H. Oh, H. Paik,
G.-T. Hwang, K. No, Y. S. Nam and K. J. Lee, Virus-
directed design of a flexible BaTiO; nanogenerator, ACS
Nano, 2013, 7(12), 11016-11025.

S. Gupta, R. Bhunia, B. Fatma, D. Maurya, D. Singh,
Prateek, R. Gupta, S. Priya, R. K. Gupta and A. Garg,
Multifunctional and flexible polymeric nanocomposite
films with improved ferroelectric and piezoelectric proper-
ties for energy generation devices, ACS Appl. Energy Mater.,
2019, 2(9), 6364-6374.

P. Ueberschlag, PVDF piezoelectric polymer, Sens. Rev.,
2001, 21(2), 118-125.

Q. Li and Q. Wang, Ferroelectric polymers and their
energy-related applications, Macromol. Chem. Phys., 2016,
217(11), 1228-1244.

C. Wan and C. R. Bowen, Multiscale-structuring of poly-
vinylidene fluoride for energy harvesting: the impact of
molecular-; micro-and macro-structure, J. Mater. Chem. A,
2017, 5(7), 3091-3128.

E. Fukada and I. Yasuda, On the piezoelectric effect of
bone, J. Phys. Soc. Jpn., 1957, 12(10), 1158-1162.

B. Y. Lee, J. Zhang, C. Zueger, W. J. Chung, S. Y. Yoo,
E. Wang, J. Meyer, R. Ramesh and S. W. Lee, Virus-based
piezoelectric energy generation, Nat. Nanotechnol., 2012,
7(6), 351-356.

Y.-F. Yao, C.-H. Shen, W.-F. Chen, P.-Y. Shih, W.-H. Chou,
C.-Y. Su, H.-S. Chen, C.-H. Liao, W.-M. Chang, Y.-W. Kiang
and C. C. Yang, Void structures in regularly patterned ZnO
nanorods grown with the hydrothermal method,
J. Nanomater., 2014, 2014, 756401.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

255

256

257

258

259

260

261

262

263

264

265

266

M. Wu, Y. X. Wang, S. J. Gao, R. X. Wang, C. X. Ma,
Z. Y. Tang, N. Bao, W. X. Wu, F. R. Fan and W. Z. Wu,
Solution-synthesized chiral piezoelectric selenium nano-
wires for wearable self-powered human-integrated moni-
toring, Nano Energy, 2019, 56, 693-699.

W. Deng, T. Yang, L. Jin, C. Yan, H. Huang, X. Chu,
Z. Wang, D. Xiong, G. Tian, Y. Gao, H. Zhang and
W. Yang, Cowpea-structured PVDF/ZnO nanofibers based
flexible self-powered piezoelectric bending motion sensor
towards remote control of gestures, Nano Energy, 2019, 55,
516-525.

X. Chen, J. Shao, H. Tian, X. Li, Y. Tian and C. Wang,
Flexible three-axial tactile sensors with microstructure-
enhanced piezoelectric effect and specially-arranged piezo-
electric arrays, Smart Mater. Struct., 2018, 27(2), 025018.
S. K. Karan, S. Maiti, O. Kwon, S. Paria, A. Maitra, S. K. Si,
Y. Kim, J. K. Kim and B. B. Khatua, Nature driven spider
silk as high energy conversion efficient bio-piezoelectric
nanogenerator, Nano Energy, 2018, 49, 655-666.

C. Zhang, Y. J. Fan, H. Y. Li, Y. Y. Li, L. Zhang, S. B. Cao,
S.Y. Kuang, Y. B. Zhao, A. H. Chen, G. Zhu and Z. L. Wang,
Fully rollable lead-free poly(vinylidene fluoride)-niobate-
based nanogenerator with ultra-flexible nano-network elec-
trodes, ACS Nano, 2018, 12(5), 4803-4811.

S. B. Ye, C. Cheng, X. M. Chen, X. L. Chen, J. Y. Shao,
J. Zhang, H. W. Hu, H. M. Tian, X. M. Li, L. Ma and
W. B. Jia, High-performance piezoelectric nanogenerator
based on microstructured P (VDF-TrFE)/BNNTSs composite
for energy harvesting and radiation protection in space,
Nano Energy, 2019, 60, 701-714.

G.-T. Hwang, V. Annapureddy, J. H. Han, D. J. Joe, C. Baek,
D. Y. Park, D. H. Kim, ]J. H. Park, C. K. Jeong, K.-I. Park,
J.-J. Choi, D. K. Kim, J. Ryu and K. ]J. Lee, Self-powered
wireless sensor node enabled by an aerosol-deposited PZT
flexible energy harvester, Adv. Energy Mater., 2016,
6(13), 1600237.

Q. Zhong, J. Zhong, X. Cheng, X. Yao, B. Wang, W. Li,
N. Wu, K. Liu, B. Hu and J. Zhou, Paper-based active tactile
sensor array, Adv. Mater., 2015, 27(44), 7130-7136.

T. Ha, J. Tran, S. Liu, H. Jang, H. Jeong, R. Mitbander,
H. Hubh, Y. Qiu, J. Duong, R. L. Wang, P. Wang, A. Tandon,
J. Sirohi and N. Lu, A chest-laminated ultrathin and
stretchable e-tattoo for the measurement of electrocardio-
gram, seismocardiogram, and cardiac time intervals, Adv.
Sci., 2019, 6(14), 1900290.

S. Song and K.-S. Yun, Design and characterization of
scalable woven piezoelectric energy harvester for wearable
applications, Smart Mater. Struct., 2015, 24(4), 045008.

Y. Zhou, J. He, H. Wang, K. Qi, N. Nan, X. You, W. Shao,
L. Wang, B. Ding and S. Cui, Highly sensitive, self-powered
and wearable electronic skin based on pressure-sensitive
nanofiber woven fabric sensor, Sci. Rep., 2017, 7(1), 12949.
M. Han, H. Wang, Y. Yang, C. Liang, W. Bai, Z. Yan, H. Li,
Y. Xue, X. Wang, B. Akar, H. Zhao, H. Luan, J. Lim,
I. Kandela, G. A. Ameer, Y. Zhang, Y. Huang and
J. A. Rogers, Three-dimensional piezoelectric polymer

This journal is © The Royal Society of Chemistry 2022

267

268

269

270

271

272

273

274

275

276

277

View Article Online

Chem Soc Rev

microsystems for vibrational energy harvesting, robotic
interfaces and biomedical implants, Nat. Electron., 2019,
2(1), 26-35.

J. H. Lee, J. Y. Park, E. B. Cho, T. Y. Kim, S. A. Han,
T. H. Kim, Y. Liu, S. K. Kim, C. J. Roh, H. J. Yoon, H. Ryu,
W. Seung, J. S. Lee, J. Lee and S. W. Kim, Reliable piezo-
electricity in bilayer WSe, for piezoelectric nanogenerators,
Adv. Mater., 2017, 29(29), 1606667.

H. Khan, N. Mahmood, A. Zavabeti, A. Elbourne,
M. A. Rahman, B. Y. Zhang, V. Krishnamurthi, P. Atkin,
M. B. Ghasemian, J. Yang, G. Zheng, A. R. Ravindran,
S. Walia, L. Wang, S. P. Russo, T. Daeneke, Y. Li and
K. Kalantar-Zadeh, Liquid metal-based synthesis of high
performance monolayer SnS piezoelectric nanogenerators,
Nat. Commun., 2020, 11(1), 3449.

Y. Qi, J. Kim, T. D. Nguyen, B. Lisko, P. K. Purohit and
M. C. McAlpine, Enhanced piezoelectricity and stretchabil-
ity in energy harvesting devices fabricated from buckled
PZT ribbons, Nano Lett., 2011, 11(3), 1331-1336.

X. Feng, B. D. Yang, Y. Liu, Y. Wang, C. Dagdeviren,
Z. Liu, A. Carlson, J. Li, Y. Huang and ]J. A. Rogers, Stretch-
able ferroelectric nanoribbons with wavy configurations
on elastomeric substrates, ACS Nano, 2011, 5(4),
3326-3332.

T.-i. Kim, Y. H. Jung, J. Song, D. Kim, Y. Li, H.-s. Kim, I.-S.
Song, J. ]J. Wierer, H. A. Pao, Y. Huang and J. A. Rogers,
High-efficiency, microscale gan light-emitting diodes and
their thermal properties on unusual substrates, Small,
2012, 8(11), 1643-1649.

Y. H. Do, M. G. Kang, J. S. Kim, C. Y. Kang and S. J. Yoon,
Fabrication of flexible device based on PAN-PZT thin films
by laser lift-off process, Sems. Actuators, A, 2012, 184,
124-127.

E. S. Nour, M. O. Sandberg, M. Willander and O. Nur,
Handwriting enabled harvested piezoelectric power using
ZnO nanowires/polymer composite on paper substrate,
Nano Energy, 2014, 9, 221-228.

S. Xu, Y. Wei, M. Kirkham, J. Liu, W. Mai, D. Davidovic,
R. L. Snyder and Z. L. Wang, Patterned growth of vertically
aligned ZnO nanowire arrays on inorganic substrates at
low temperature without catalyst, J. Am. Chem. Soc., 2008,
130(45), 14958-14959.

S. Lee, J. Lee, W. Ko, S. Cha, J. Sohn, J. Kim, J. Park, Y. Park
and J. Hong, Solution-processed Ag-doped ZnO nanowires
grown on flexible polyester for nanogenerator applica-
tions, Nanoscale, 2013, 5(20), 9609-9614.

Y. Qiu, J. X. Lei, D. C. Yang, B. Yin, H. Q. Zhang, J. M. Bian,
J. Y. Ji, Y. H. Liu, Y. Zhao, Y. M. Luo and L. Z. Hu,
Enhanced performance of wearable piezoelectric nanogen-
erator fabricated by two-step hydrothermal process, Appl.
Phys. Lett., 2014, 104(11), 113903.

Y. Qiu, D. C. Yang, J. X. Lei, H. Q. Zhang, J. Y. Ji, B. Yin,
J. M. Bian, Y. Zhao and L. Z. Hu, Controlled growth of ZnO
nanorods on common paper substrate and their applica-
tion for flexible piezoelectric nanogenerators, J. Mater. Sci.
Mater. Electron., 2014, 25(6), 2649-2656.

Chem. Soc. Rev,, 2022, 51, 3380-3435 | 3421


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

278

279

280

281

282

283

284

285

286

287

288

289

290

291

3422 |

D. Xiong, W. Deng, G. Tian, Y. Gao, X. Chu, C. Yan, L. Jin,
Y. Su, W. Yan and W. Yang, A piezo-phototronic enhanced
serrate-structured ZnO-based heterojunction photodetector
for optical communication, Nanoscale, 2019, 11(6), 3021-3027.
G. Tian, D. Xiong, Y. Su, T. Yang, Y. Gao, C. Yan, W. Deng,
L. Jin, H. Zhang, X. Fan, C. Wang, W. Deng and W. Yang,
Understanding the potential screening effect through the
discretely structured ZnO nanorods piezo array, Nano Lett.,
2020, 20(6), 4270-4277.

A. Khan, M. Hussain, O. Nur, M. Willander and
E. Broitman, Analysis of direct and converse piezoelectric
responses from zinc oxide nanowires grown on a conduc-
tive fabric, Phys. Status Solidi A, 2015, 212(3), 579-584.

H. Xiang, J. Yang, J. Hou and Q. Zhu, Piezoelectricity in
ZnO nanowires: a first-principles study, Appl. Phys. Lett.,
2006, 89(22), 223111.

C. Li, W. Guo, Y. Kong and H. Gao, Size-dependent piezo-
electricity in zinc oxide nanofilms from first-principles
calculations, Appl. Phys. Lett., 2007, 90(3), 033108.

Y. Shan, S. Liu, B. Wang, Y. Hong, C. Zhang, C. W. Lim,
G. Zhang and Z. Yang, A gravity-driven sintering method to
fabricate geometrically complex compact piezoceramics,
Nat. Commun., 2021, 12(1), 6066.

J. H. Lee, H. ]J. Yoon, T. Y. Kim, M. K. Gupta, ]J. H. Lee,
W. Seung, H. Ryu and S. W. Kim, Micropatterned P(VDF-
TrFE) film-based piezoelectric nanogenerators for highly
sensitive self-powered pressure sensors, Adv. Funct. Mater.,
2015, 25(21), 3203-3209.

X. Chen, H. Tian, X. Li, J. Shao, Y. Ding, N. An and Y. Zhou,
A high performance P(VDF-TrFE) nanogenerator with self-
connected and vertically integrated fibers by patterned
EHD pulling, Nanoscale, 2015, 7(27), 11536-11544.
Z.Y.Pi,]J. W. Zhang, C. Y. Wen, Z. B. Zhang and D. P. Wu,
Flexible piezoelectric nanogenerator made of poly(vinylide-
nefluoride-co-trifluoroethylene) (PVDF-TrFE) thin film,
Nano Energy, 2014, 7, 33-41.

S. Y. Ma, T. Ye, T. Zhang, Z. Wang, K. W. Li, M. Chen,
J. Zhang, Z. X. Wang, S. Ramakrishna and L. Wei, Highly
oriented electrospun P(VDF-TrFE) fibers via mechanical
stretching for wearable motion sensing, Adv. Mater. Tech-
nol., 2018, 3(7), 1800033.

Y. Cho, J. B. Park, B.-S. Kim, J. Lee, W.-K. Hong, I.-K. Park,
J. E. Jang, J. I. Sohn, S. Cha and J. M. Kim, Enhanced
energy harvesting based on surface morphology engineer-
ing of P(VDF-TrFE) film, Nano Energy, 2015, 16, 524-532.
V. Bhavanasi, D. Y. Kusuma and P. S. Lee, Polarization
orientation, piezoelectricity, and energy harvesting perfor-
mance of ferroelectric PVDF-TrFE nanotubes synthesized by
nanoconfinement, Adv. Energy Mater., 2014, 4(16), 1400723.
D. Mandal, K. Henkel and D. Schmeisser, Improved per-
formance of a polymer nanogenerator based on silver
nanoparticles doped electrospun P(VDF-HFP) nanofibers,
Phys. Chem. Chem. Phys., 2014, 16(22), 10403-10407.

H. Parangusan, D. Ponnamma and M. A. Al-Maadeed,
Stretchable electrospun PVDF-HFP/Co-ZnO nanofibers as
piezoelectric nanogenerators, Sci. Rep., 2018, 8, 754.

Chem. Soc. Rev., 2022, 51, 3380-3435

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

View Article Online

Review Article

Z.Li, Y. Wang and Z. Y. Cheng, Electromechanical proper-
ties of poly(vinylidene-fluoride-chlorotrifluoroethylene)
copolymer, Appl. Phys. Lett., 2006, 88(6), 062904.

S. K. Ghosh, P. Adhikary, S. Jana, A. Biswas, V. Sencadas,
S. D. Gupta, B. Tudu and D. Mandal, Electrospun gelatin
nanofiber based self-powered bio-e-skin for health care
monitoring, Nano Energy, 2017, 36, 166-175.

S. Anwar, M. Hassanpour Amiri, S. Jiang, M. M. Abolhasani,
P. R. F. Rocha and K. Asadi, Piezoelectric nylon-11 fibers for
electronic textiles, energy harvesting and sensing, Adv. Funct.
Mater., 2020, 31(4), 2004326.

H. Shao, H. Wang, Y. Cao, X. Ding, J. Fang, H. Niu,
W. Wang, C. Lang and T. Lin, Efficient conversion of
sound noise into electric energy using electrospun poly-
acrylonitrile membranes, Nano Energy, 2020, 75, 104956.
T. Cai, Y. Yang and E. Bi, Preparation of high-performance
polyacrylonitrile piezoelectric thin film by temperature
control, React. Funct. Polym., 2020, 154, 104638.

W. Wang, Y. Zheng, Y. Sun, X. Jin, J. Niu, M. Cheng,
H. Wang, H. Shao and T. Lin, High-temperature piezo-
electric conversion using thermally stabilized electrospun
polyacrylonitrile membranes, J. Mater. Chem. A, 2021,
9(36), 20395-20404.

B. Gonzalo, J. L. Vilas, T. Breczewski, M. A. Pérez-Jubindo,
M. R. De La Fuente, M. Rodriguez and L. M. Le6n, Synth-
esis, characterization, and thermal properties of piezo-
electric polyimides, J. Polym. Sci., Part A: Polym. Chem.,
2009, 47(3), 722-730.

M. Morimoto, Y. Koshiba, M. Misaki and K. Ishida, Ther-
mal stability of piezoelectric properties and infrared sen-
sor performance of spin-coated polyurea thin films, Appl
Phys. Express, 2015, 8(10), 101501.

M. J. Moody, C. W. Marvin and G. R. Hutchison, Molecularly-
doped polyurethane foams with massive piezoelectric
response, J. Mater. Chem. C, 2016, 4(20), 4387-4392.

P. Martins, A. C. Lopes and S. Lanceros-Mendez, Electro-
active phases of poly(vinylidene fluoride): determination,
processing and applications, Prog. Polym. Sci., 2014, 39(4),
683-706.

L. Li, M. Zhang, M. Rong and W. Ruan, Studies on the
transformation process of PVDF from o to B phase by
stretching, RSC Adv., 2014, 4(8), 3938-3943.

G. Tian, W. Deng, Y. Gao, D. Xiong, C. Yan, X. He, T. Yang,
L. Jin, X. Chu, H. Zhang, W. Yan and W. Yang, Rich
lamellar crystal baklava-structured PZT/PVDF piezoelectric
sensor toward individual table tennis training, Nano
Energy, 2019, 59, 574-581.

Y. Jiang, Y. Ye, J. Yu, Z. Wu, W. Li, J. Xu and G. Xie, Study of
thermally poled and corona charged poly(vinylidene fluor-
ide) films, Polym. Eng. Sci., 2007, 47(9), 1344-1350.

A. Gradys, P. Sajkiewicz, S. Adamovsky, A. Minakov and
C. Schick, Crystallization of poly(vinylidene fluoride) during
ultra-fast cooling, Thermochim. Acta, 2007, 461(1-2), 153-157.
Y. R. Wang, J. M. Zheng, G. Y. Ren, P. H. Zhang and C. Xu,
A flexible piezoelectric force sensor based on PVDF fabrics,
Smart Mater. Struct., 2011, 20(4), 0450009.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

307

308

309

310

311

312

313

314

315

316

317

318

319

J. Fang, H. Niu, H. Wang, X. Wang and T. Lin, Enhanced
mechanical energy harvesting using needleless electro-
spun poly(vinylidene fluoride) nanofibre webs, Energy
Environ. Sci., 2013, 6(7), 2196-2202.

L. Persano, C. Dagdeviren, C. Maruccio, L. De Lorenzis and
D. Pisignano, Cooperativity in the enhanced piezoelectric
response of polymer nanowires, Adv. Mater., 2014, 26(45),
7574-7580.

J. Z. Gui, Y. Z. Zhu, L. L. Zhang, X. Shu, W. Liu, S. S. Guo
and X. Z. Zhao, Enhanced output-performance of piezo-
electric poly(vinylidene fluoride trifluoroethylene) fibers-
based nanogenerator with interdigital electrodes and
well-ordered cylindrical cavities, Appl. Phys. Lett., 2018,
112(7), 072902.

L. Persano, C. Dagdeviren, Y. Su, Y. Zhang, S. Girardo,
D. Pisignano, Y. Huang and J. A. Rogers, High performance
piezoelectric devices based on aligned arrays of nanofibers
of poly(vinylidenefluoride-co-trifluoroethylene), Nat. Com-
mun., 2013, 4(3), 1633.

M. Kanik, O. Aktas, H. S. Sen, E. Durgun and M. Bayindir,
Spontaneous high piezoelectricity in poly(vinylidene fluor-
ide) nanoribbons produced by iterative thermal size
reduction technique, ACS Nano, 2014, 8(9), 9311-9323.

M. Akerfeldt, A. Lund and P. Walkenstrom, Textile sensing
glove with piezoelectric PVDF fibers and printed electrodes
of PEDOT:PSS, Text. Res. J., 2015, 85(17), 1789-1799.

A. Gheibi, M. Latifi, A. A. Merati and R. Bagherzadeh,
Piezoelectric electrospun nanofibrous materials for self-
powering wearable electronic textiles applications,
J. Polym. Res., 2014, 21(7), 469.

H. Kim, S. M. Kim, H. Son, H. Kim, B. Park, J. Ku, J. L
Sohn, K. Im, J. E. Jang, J. J. Park, O. Kim, S. Cha and
Y. J. Park, Enhancement of piezoelectricity via electrostatic
effects on a textile platform, Energy Environ. Sci., 2012,
5(10), 8932-8936.

S. Bai, L. Zhang, Q. Xu, Y. B. Zheng, Y. Qin and Z. L. Wang,
Two dimensional woven nanogenerator, Nano Energy,
2013, 2(5), 749-753.

Z. H. Liu, C. T. Pan, C. K. Yen, L. W. Lin, J. C. Huang and
C. A. Ke, Crystallization and mechanical behavior of the
ferroelectric polymer nonwoven fiber fabrics for highly
durable wearable sensor applications, Appl. Surf Sci.,
2015, 346, 291-301.

M. Jesionek, B. Toron, P. Szperlich, W. Binias, D. Binias,
S. Rabiej, A. Starczewska, M. Nowak, M. Kepinska and
J. Dec, Fabrication of a new PVDF/SbSI nanowire compo-
site for smart wearable textile, Polymer, 2019, 180, 121729.
F. Mokhtari, J. Foroughi, T. Zheng, Z. X. Cheng and
G. M. Spinks, Triaxial braided piezo fiber energy harvesters
for self-powered wearable technologies, J. Mater. Chem. A,
2019, 7(14), 8245-8257.

S. K. Ghosh, A. Biswas, S. Sen, C. Das, K. Henkel,
D. Schmeisser and D. Mandal, Yb®" assisted self-
polarized PVDF based ferroelectretic nanogenerator: a
facile strategy of highly efficient mechanical energy har-
vester fabrication, Nano Energy, 2016, 30, 621-629.

This journal is © The Royal Society of Chemistry 2022

320

321

322

323

324

325

326

327

328

329

330

331

332

View Article Online

Chem Soc Rev

M. Pusty, L. Sinha and P. M. Shirage, A flexible self-poled
piezoelectric nanogenerator based on a rGO-Ag/PVDF
nanocomposite, New J. Chem., 2019, 43(1), 284-294.

S. K. Karan, R. Bera, S. Paria, A. K. Das, S. Maiti, A. Maitra
and B. B. Khatua, An approach to design highly durable
piezoelectric nanogenerator based on self-poled PVDF/AIO-
rGO flexible nanocomposite with high power density and
energy conversion efficiency, Adv. Energy Mater., 2016,
6(20), 1601016.

M.-C. Garcia-Gutiérrez, A. Linares, ]. ]. Hernandez,
D. R. Rueda, T. A. Ezquerra, P. Poza and R. ]J. Davies,
Confinement-induced one-dimensional ferroelectric poly-
mer arrays, Nano Lett., 2010, 10(4), 1472-1476.

V. Cauda, S. Stassi, K. Bejtka and G. Canavese, Nanoconfine-
ment: an effective way to enhance PVDF piezoelectric proper-
ties, ACS Appl. Mater. Interfaces, 2013, 5(13), 6430-6437.

R. A. Whiter, V. Narayan and S. Kar-Narayan, A scalable
nanogenerator based on self-poled piezoelectric polymer
nanowires with high energy conversion efficiency, Adv.
Energy Mater., 2014, 4(18), 1400519.

X. Chen, J. Shao, N. An, X. Li, H. Tian, C. Xu and Y. Ding,
Self-powered flexible pressure sensors with vertically well-
aligned piezoelectric nanowire arrays for monitoring vital
signs, J. Mater. Chem. C, 2015, 3(45), 11806-11814.

N. Soin, T. H. Shah, S. C. Anand, ]J. F. Geng, W.
Pornwannachai, P. Mandal, D. Reid, S. Sharma,
R. L. Hadimani, D. V. Bayramol and E. Siores, Novel “3-D
spacer” all fibre piezoelectric textiles for energy harvesting
applications, Energy Environ. Sci., 2014, 7(5), 1670-1679.
Y. Q. Duan, Y. ]J. Ding, J. Bian, Z. L. Xu, Z. P. Yin and
Y. A. Huang, Ultra-stretchable piezoelectric nanogenera-
tors via large-scale aligned fractal inspired micro/nanofi-
bers, Polymers, 2017, 9(12), 714.

W. S. Jung, M. Lee, S. H. Baek, I. K. Jung, S. J. Yoon and
C. Y. Kang, Structural approaches for enhancing output
power of piezoelectric polyvinylidene fluoride generator,
Nano Energy, 2016, 22, 514-523.

L. Dong, X. Han, Z. Xu, A. B. Closson, Y. Liu, C. Wen,
X. Liu, G. P. Escobar, M. Oglesby, M. Feldman, Z. Chen and
J. X. J. Zhang, Flexible porous piezoelectric cantilever on a
pacemaker lead for compact energy harvesting, Adv. Mater.
Technol., 2019, 4(1), 1800148.

M. M. Abolhasani, M. Naebe, K. Shirvanimoghaddam,
H. Fashandi, H. Khayyam, M. Joordens, A. Pipertzis,
S. Anwar, R. Berger, G. Floudas, J. Michels and K. Asadi,
Thermodynamic approach to tailor porosity in piezoelec-
tric polymer fibers for application in nanogenerators, Nano
Energy, 2019, 62, 594-600.

E. L. Yang, Z. Xu, L. K. Chur, A. Behroozfar, M. Baniasadi,
S. Moreno, J. C. Huang, ]J. Gilligan and M. Minary-
Jolandan, Nanofibrous smart fabrics from twisted yarns
of electrospun piezopolymer, ACS Appl. Mater. Interfaces,
2017, 9(28), 24220-24229.

S. H. Ji, Y. S. Cho and ]. S. Yun, Wearable core-shell
piezoelectric nanofiber yarns for body movement energy
harvesting, Nanomaterials, 2019, 9(4), 555.

Chem. Soc. Rev., 2022, 51, 3380-3435 | 3423


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

333

334

335

336

337

338

339

340

341

342

343

344

345

3424 |

X. W. Mo, H. Zhou, W. B. Li, Z. S. Xu, J. J. Duan, L. Huang,
B. Hu and J. Zhou, Piezoelectrets for wearable energy
harvesters and sensors, Nano Energy, 2019, 65, 104033.

J. W. Zhong, Y. Ma, Y. Song, Q. Z. Zhong, Y. Chu,
I. Karakurt, D. B. Bogy and L. W. Lin, A flexible piezo-
electret actuator/sensor patch for mechanical human-
machine interfaces, ACS Nano, 2019, 13(6), 7107-7116.

J. W. Zhong, Q. Z. Zhong, X. N. Zang, N. Wu, W. B. Li,
Y. Chu and L. W. Lin, Flexible PET/EVA-based piezoelectret
generator for energy harvesting in harsh environments,
Nano Energy, 2017, 37, 268-274.

B. Wang, C. Liu, Y. Xiao, J. Zhong, W. Li, Y. Cheng, B. Hu,
L. Huang and J. Zhou, Ultrasensitive cellular fluorocarbon
piezoelectret pressure sensor for self-powered human phy-
siological monitoring, Nano Energy, 2017, 32, 42-49.

Z. Xu, X. Wan, X. Mo, S. Lin, S. Chen, J. Chen, Y. Pan,
H. Zhang, H. Jin, J. Duan, L. Huang, L.-B. Huang, J.
Xie, F. Yi, B. Hu and ]. Zhou, Electrostatic assembly
of laminated transparent piezoelectrets for epidermal
and implantable electronics, Nano Energy, 2021,
89, 106450.

L. ]. Yang, S. Chi, S. P. Dong, F. Yuan, Z. D. Wang, J. X. Lei,
L. X. Bao, J. Xiang and J. L. Wang, Preparation and
characterization of a novel piezoelectric nanogenerator
based on soluble and meltable copolyimide for harvesting
mechanical energy, Nano Energy, 2020, 67, 104220.

K. L. Park, C. K. Jeong, N. K. Kim and K. ]J. Lee, Stretchable
piezoelectric nanocomposite generator, Nano Converge., 2016,
3(1), 12.

R. A. Surmenev, T. Orlova, R. V. Chernozem, A. A. Ivanova,
A. Bartasyte, S. Mathur and M. A. Surmeneva, Hybrid lead-
free polymer-based nanocomposites with improved piezo-
electric response for biomedical energy-harvesting applica-
tions: a review, Nano Energy, 2019, 62, 475-506.

K. Y. Lee, D. Kim, J. H. Lee, T. Y. Kim, M. K. Gupta and
S. W. Kim, Unidirectional high-power generation via
stress-induced dipole alignment from ZnSnO; nano-
cubes/polymer hybrid piezoelectric nanogenerator, Adv.
Funct. Mater., 2014, 24(1), 37-43.

K. Kim, W. Zhu, X. Qu, C. Aaronson, W. R. McCall, S. Chen
and D. J. Sirbuly, 3D optical printing of piezoelectric
nanoparticle-polymer composite materials, ACS Nano,
2014, 8(10), 9799-9806.

Y. Zhang, C. K. Jeong, J. Wang, H. Sun, F. Li, G. Zhang,
L.-Q. Chen, S. Zhang, W. Chen and Q. Wang, Flexible
energy harvesting polymer composites based on biofibril-
templated 3-dimensional interconnected piezoceramics,
Nano Energy, 2018, 50, 35-42.

K.-I. Park, C. K. Jeong, J. Ryu, G.-T. Hwang and K. J. Lee,
Flexible and large-area nanocomposite generators based
on lead zirconate titanate particles and carbon nanotubes,
Adv. Energy Mater., 2013, 3(12), 1539-1544.

V. S. Nguyen, D. Rouxel, B. Vincent, L. Badie, F. D. Dos
Santos, E. Lamouroux and Y. Fort, Influence of cluster size
and surface functionalization of ZnO nanoparticles on the
morphology, thermomechanical and piezoelectric properties

Chem. Soc. Rev,, 2022, 51, 3380-3435

346

347

348

349

350

351

352

353

354

355

356

357

View Article Online

Review Article

of P(VDF-TTFE) nanocomposite films, Appl. Surf. Sci., 2013,
279, 204-211.

C. K. Jeong, J. Lee, S. Han, J. Ryu, G. T. Hwang, D. Y. Park,
J. H. Park, S. S. Lee, M. Byun, S. H. Ko and K. J. Lee, A
hyper-stretchable elastic-composite energy harvester, Adv.
Mater., 2015, 27(18), 2866-2875.

N. R. Alluri, S. Selvarajan, A. Chandrasekhar, B.
Saravanakumar, G. M. Lee, J. H. Jeong and S. J. Kim, Worm
structure piezoelectric energy harvester using ionotropic
gelation of barium titanate-calcium alginate composite,
Energy, 2017, 118, 1146-1155.

Y. Zhao, Q. Liao, G. Zhang, Z. Zhang, Q. Liang, X. Liao and
Y. Zhang, High output piezoelectric nanocomposite gen-
erators composed of oriented BaTiO; NPs@PVDF, Nano
Energy, 2015, 11, 719-727.

V. Jella, S. Ippili, J. H. Eom, J. Choi and S. G. Yoon,
Enhanced output performance of a flexible piezoelectric
energy harvester based on stable MAPbI;-PVDF composite
films, Nano Energy, 2018, 53, 46-56.

P. Thakur, A. Kool, N. A. Hoque, B. Bagchi, F. Khatun,
P. Biswas, D. Brahma, S. Roy, S. Banerjee and S. Das,
Superior performances of in situ synthesized ZnO/PVDF
thin film based self-poled piezoelectric nanogenerator and
self-charged photo-power bank with high durability, Nano
Energy, 2018, 44, 456-467.

G. Zhang, Q. Liao, M. Ma, F. Gao, Z. Zhang, Z. Kang and
Y. Zhang, Uniformly assembled vanadium doped ZnO
microflowers/bacterial cellulose hybrid paper for flexible
piezoelectric nanogenerators and self-powered sensors,
Nano Energy, 2018, 52, 501-5009.

Y. Huan, X. S. Zhang, J. A. Song, Y. Zhao, T. Wei,
G. G. Zhang and X. H. Wang, High-performance piezo-
electric composite nanogenerator based on Ag/(K,
Na)NbOj; heterostructure, Nano Energy, 2018, 50, 62-69.
S. Siddiqui, D. I. Kim, E. Roh, L. T. Duy, T. Q. Trung,
M. T. Nguyen and N. E. Lee, A durable and stable piezo-
electric nanogenerator with nanocomposite nanofibers.
embedded in an elastomer under high loading for a self-
powered sensor system, Nano Energy, 2016, 30, 434-442.
C. K. Jeong, C. Baek, A. I. Kingon, K. I. Park and S. H. Kim,
Lead-free perovskite nanowire-employed piezopolymer for
highly efficient flexible nanocomposite energy harvester,
Small, 2018, 14(19), 1704022.

J- J. Li, S. Chen, W. T. Liu, R. F. Fu, S. J. Tu, Y. H. Zhao,
L. Q. Dong, B. Yan and Y. C. Gu, High performance
piezoelectric nanogenerators based on electrospun ZnO
nanorods/poly(vinylidene fluoride) composite membranes,
J. Phys. Chem. C, 2019, 123(18), 11378-11387.

M. Lee, C. Y. Chen, S. Wang, S. N. Cha, Y. J. Park, J. M. Kim,
L. J. Chou and Z. L. Wang, A hybrid piezoelectric structure
for wearable nanogenerators, Adv. Mater., 2012, 24(13),
1759-1764.

A. Sultana, M. M. Alam, S. Garain, T. K. Sinha, T. R. Middya
and D. Mandal, An effective electrical throughput
from PANI supplement ZnS nanorods and PDMS-based
flexible piezoelectric nanogenerator for power up portable

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

358

359

360

361

362

363

364

365

366

367

368

369

370

electronic devices: an alternative of MWCNT filler, ACS
Appl. Mater. Interfaces, 2015, 7(34), 19091-19097.

J. Wang, M. Chen, X. Zhao, F. Wang, Y. Tang, D. Lin and
H. Luo, Fabrication and high acoustic performance of high
frequency needle ultrasound transducer with PMN-PT/
epoxy 1-3 piezoelectric composite prepared by dice and fill
method, Sens. Actuators, A, 2021, 318, 112528.

E. Kar, N. Bose, B. Dutta, S. Banerjee, N. Mukherjee and
S. Mukherjee, 2D SnO, nanosheet/PVDF composite based
flexible, self-cleaning piezoelectric energy harvester, Energy
Convers. Manage., 2019, 184, 600-608.

H. L. Lin, R. H. Horng, K. C. Shen and D. S. Wuu, ZnO
Nanowires embedded in epoxy resin separating from the
substrate for wearable electronics applications, IEEE Trans.
Nanotechnol., 2014, 13(3), 458-463.

M. Zhang, T. Gao, J. S. Wang, J. J. Liao, Y. Q. Qiu, H. Xue,
Z. Shi, Z. X. Xiong and L. F. Chen, Single BaTiO;
nanowires-polymer fiber based nanogenerator, Nano
Energy, 2015, 11, 510-517.

D. Dhakras and S. Ogale, High-performance organic-inor-
ganic hybrid piezo-nanogenerator via interface enhanced
polarization effects for self-powered electronic systems,
Adv. Mater. Interfaces, 2016, 3(20), 1600492.

M. J. Xia, C. X. Luo, X. X. Su, Y. H. Li, P. W. Li, J. Huy, G. Li,
H. B. Jiang and W. D. Zhang, KNN/PDMS/C-based lead-free
piezoelectric composite film for flexible nanogenerator,
J. Mater. Sci. Mater. Electron., 2019, 30(8), 7558-7566.

X. S. Niu, W. Jia, S. Qian, J. Zhu, J. Zhang, X. J. Hou,
J. L. Mu, W. P. Geng, ]J. D. Cho, J. He and X. J. Chou, High-
performance PZT-based stretchable piezoelectric nanogen-
erator, ACS Sustainable Chem. Eng., 2019, 7(1), 979-985.
A. A. Issa, M. A. Al-Maadeed, A. S. Luyt, D. Ponnamma and
M. K. Hassan, Physico-mechanical, dielectric, and piezo-
electric properties of PVDF electrospun mats containing
silver nanoparticles, J. Carbon Res., 2017, 3(4), 30.

N. R. Alluri, A. Chandrasekhar, J. H. Jeong and S.-J. Kim,
Enhanced electroactive B-phase of the sonication-process-
derived PVDF-activated carbon composite film for efficient
energy conversion and a battery-free acceleration sensor,
J. Mater. Chem. C, 2017, 5(20), 4833-4844.

N. Promsawat, M. Promsawat, P. Janphuang, Z. H. Luo,
S. Beeby, C. Rojviriya, P. Pakawanit and S. Pojprapai, CNTs-
added PMNT/PDMS flexible piezoelectric nanocomposite
for energy harvesting application, Integr. Ferroelectr., 2018,
187(1), 70-79.

C.X. Zhao, J. Niu, Y. Y. Zhang, C. Li and P. H. Hu, Coaxially
aligned MWCNTs improve performance of electrospun
P(VDF-TrFE)-based fibrous membrane applied in wearable
piezoelectric nanogenerator, Composites, Part B, 2019,
178, 107447.

P. Adhikary, A. Biswas and D. Mandal, Improved sensitivity of
wearable nanogenerators made of electrospun Eu®" doped
P(VDF-HFP)/graphene composite nanofibers for self-powered
voice recognition, Nanotechnology, 2016, 27(49), 495501.

H. J. Chen, S. J. Han, C. Liu, Z. H. Luo, H. P. D. Shieh,
R. S. Hsiao and B. R. Yang, Investigation of PVDF-TrFE

This journal is © The Royal Society of Chemistry 2022

371

372

373

374

375

376

377

378

379

380

381

382

View Article Online

Chem Soc Rev

composite with nanofillers for sensitivity improvement,
Sens. Actuators, A, 2016, 245, 135-139.

S. Garain, S. Jana, T. K. Sinha and D. Mandal, Design of
in situ poled Ce**-doped electrospun PVDF/graphene com-
posite nanofibers for fabrication of nanopressure sensor
and ultrasensitive acoustic nanogenerator, ACS Appl.
Mater. Interfaces, 2016, 8(7), 4532-4540.

T. Huang, S. W. Yang, P. He, J. Sun, S. Zhang, D. D. Li,
Y. Meng, J. S. Zhou, H. X. Tang, J. R. Liang, G. Q. Ding and
X. M. Xie, Phase-separation-induced PVDF/graphene coat-
ing on fabrics toward flexible piezoelectric sensors, ACS
Appl. Mater. Interfaces, 2018, 10(36), 30732-30740.

P. Martins, C. M. Costa and S. Lanceros-Mendez, Nuclea-
tion of electroactive B-phase poly(vinilidene fluoride) with
CoFe,0, and NiFe,0, nanofillers: a new method for the
preparation of multiferroic nanocomposites, Appl. Phys. A,
2011, 103(1), 233-237.

D. Singh, A. Choudhary and A. Garg, Flexible and robust
piezoelectric polymer nanocomposites based energy har-
vesters, ACS Appl. Mater. Interfaces, 2018, 10(3), 2793-2800.
M. Sebastian, A. Larrea, R. Gongcalves, T. Alejo, J. Vilas,
V. Sebastian, P. Martins and S. Lanceros-Mendez, Under-
standing nucleation of the electroactive f-phase of
poly(vinylidene fluoride) by nanostructures, RSC Adv.,
2016, 6(114), 113007-113015.

A. Samadi, S. M. Hosseini and M. Mohseni, Investigation
of the electromagnetic microwaves absorption and piezo-
electric properties of electrospun Fe;0,-GO/PVDF hybrid
nanocomposites, Org. Electron., 2018, 59, 149-155.

N. An, H. Liu, Y. Ding, M. Zhang and Y. Tang, Preparation
and electroactive properties of a PVDF/nano-TiO, compo-
site film, Appl. Surf. Sci., 2011, 257(9), 3831-3835.

M. M. Alam, A. Sultana and D. Mandal, Biomechanical and
acoustic energy harvesting from TiO, nanoparticle modu-
lated PVDF nanofiber made high performance nanogen-
erator, ACS Appl. Energy Mater., 2018, 1(7), 3103-3112.

J. Kim, M. Jang, G. Jeong, S. Yu, J. Park, Y. Lee, S. Cho,
J. Yeom, Y. Lee, A. Choe, Y.-R. Kim, Y. Yoon, S. S. Lee,
K.-S. An and H. Ko, MXene-enhanced f-phase crystal-
lization in ferroelectric porous composites for highly-
sensitive dynamic force sensors, Nano Energy, 2021,
89, 1064009.

K. Maity, S. Garain, K. Henkel, D. Schmeisser and
D. Mandal, Natural sugar-assisted, chemically reinforced,
highly durable piezoorganic nanogenerator with superior
power density for self-powered wearable electronics, ACS
Appl. Mater. Interfaces, 2018, 10(50), 44018-44032.

M. Khalifa, A. Mahendran and S. Anandhan, Durable,
efficient, and flexible piezoelectric nanogenerator from
electrospun PANi/HNT/PVDF blend nanocomposite,
Polym. Compos., 2019, 40(4), 1663-1675.

C. Liu, B. Hua, S. ]J. You, C. H. Bu, X. L. Yu, Z. H. Yu,
N. Cheng, B. Cai, H. Q. Liu, S. S. Li, L. L. Zhang, S. X. Wang,
K. Liu, N. G. Zhang, W. Liu, S. S. Guo and X. Z. Zhao, Self-
amplified piezoelectric nanogenerator with enhanced out-
put performance: the synergistic effect of micropatterned

Chem. Soc. Rev., 2022, 51, 3380-3435 | 3425


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

383

384

385

386

387

388

389

390

391

392

393

394

3426 |

polymer film and interweaved silver nanowires, Appl. Phys.
Lett., 2015, 106(16), 1063901.

V. Vivekananthan, N. R. Alluri, Y. Purusothaman,
A. Chandrasekhar and S. J. Kim, A flexible, planar energy
harvesting device for scavenging road side waste mechan-
ical energy via the synergistic piezoelectric response of
Ko.5Na, sNbO;-BaTiO3/PVDF composite films, Nanoscale,
2017, 9(39), 15122-15130.

H. Cui, R. Hensleigh, D. Yao, D. Maurya, P. Kumar,
M. G. Kang, S. Priya and X. R. Zheng, Three-dimensional
printing of piezoelectric materials with designed aniso-
tropy and directional response, Nat. Mater., 2019, 18(3),
234-241.

S. Bodkhe, G. Turcot, F. P. Gosselin and D. Therriault, One-
step solvent evaporation-assisted 3D printing of piezoelec-
tric PVDF nanocomposite structures, ACS Appl. Mater.
Interfaces, 2017, 9(24), 20833-20842.

D. Yao, H. Cui, R. Hensleigh, P. Smith, S. Alford,
D. Bernero, S. Bush, K. Mann, H. F. Wu, M. Chin-Nieh,
G. Youmans and X. Zheng, Achieving the upper bound of
piezoelectric response in tunable, wearable 3D printed
nanocomposites, Adv. Funct. Mater., 2019, 29(42), 1903866.
S. Bodkhe, P. S. M. Rajesh, F. P. Gosselin and D. Therriault,
Simultaneous 3D printing and poling of PVDF and its
nanocomposites, ACS Appl. Energy Mater., 2018, 1(6),
2474-2482.

J. Sun, H. Guo, G. N. Schiddli, K. Tu, S. Schir,
F. W. M. R. Schwarze, G. Panzarasa, ]J. Ribera and
I. Burgert, Enhanced mechanical energy conversion with
selectively decayed wood, Sci. Adv., 2021, 7(11), eabd9138.
C. Halperin, S. Mutchnik, A. Agronin, M. Molotskii,
P. Urenski, M. Salai and G. Rosenman, Piezoelectric effect
in human bones studied in nanometer scale, Nano Lett.,
2004, 4(7), 1253-1256.

M. Minary-Jolandan and M.-F. Yu, Uncovering nanoscale
electromechanical heterogeneity in the subfibrillar struc-
ture of collagen fibrils responsible for the piezoelectricity
of bone, ACS Nano, 2009, 3(7), 1859-1863.

C. P. Brown, ]J. L. Boyd, A. J. Palmer, M. Phillips, C.-A.
Couture, M. Rivard, P. A. Hulley, A. J. Price, A. Ruediger,
F. Légaré and A. J. Carr, Modulation of mechanical inter-
actions by local piezoelectric effects, Adv. Funct. Mater.,
2016, 26(42), 7662-7667.

S. K. Ghosh, J. Park, S. Na, M. P. Kim and H. Ko, A fully
biodegradable ferroelectric skin sensor from edible por-
cine skin gelatine, Adv. Sci., 2021, 8(13), 2005010.

K. Kim, M. Ha, B. Choi, S. H. Joo, H. S. Kang, J. H. Park,
B. Gu, C. Park, C. Park, J. Kim, S. K. Kwak, H. Ko, J. Jin and
S. J. Kang, Biodegradable, electro-active chitin nanofiber
films for flexible piezoelectric transducers, Nano Energy,
2018, 48, 275-283.

N. A. Hoque, P. Thakur, P. Biswas, M. M. Saikh, S.
Roy, B. Bagchi, S. Das and P. P. Ray, Biowaste crab shell-
extracted chitin nanofiber-based superior piezoelectric
nanogenerator, J. Mater. Chem. A, 2018, 6(28),
13848-13858.

Chem. Soc. Rev,, 2022, 51, 3380-3435

395

396

397

398

399

400

401

402

403

404

405

406

407

408

View Article Online

Review Article

D. Kim, S. A. Han, J. H. Kim, J. H. Lee, S. W. Kim and
S. W. Lee, Biomolecular piezoelectric materials: from
amino acids to Adv. Mater., 2020,
32(14), 1906989.

J. H. Lee, K. Heo, K. Schulz-Schonhagen, J. H. Lee,
M. S. Desai, H. E. Jin and S. W. Lee, Diphenylalanine
peptide nanotube energy harvesters, ACS Nano, 2018,
12(8), 8138-8144.

E. Fukada, Piezoelectricity in polymers and biological
materials, Ultrasonics, 1968, 6(4), 229-234.

S. Guerin, T. A. Syed and D. Thompson, Deconstructing
collagen piezoelectricity using alanine-hydroxyproline-

living tissues,

glycine building blocks, Nanoscale, 2018, 10(20),
9653-9663.
J. Duchesne, J. Depireux, A. Bertinchamps, N. Cornet and

J. Van Der Kaa, Thermal and electrical properties of
nucleic acids and proteins, Nature, 1960, 188(4748),
405-406.

S. Guerin, A. Stapleton, D. Chovan, R. Mouras, M. Gleeson,
C. McKeown, M. R. Noor, C. Silien, F. M. F. Rhen,
A. L. Kholkin, N. Liu, T. Soulimane, S. A. M. Tofail and
D. Thompson, Control of piezoelectricity in amino acids by
supramolecular packing, Nat. Mater., 2018, 17(2), 180-186.
J. Tan, Y. Wang, Z. Wang, X. He, Y. Liu, B. Wang,
M. L Katsnelson and S. Yuan, Large out-of-plane piezo-
electricity of oxygen functionalized MXenes for ultrathin
piezoelectric cantilevers and diaphragms, Nano Energy,
2019, 65, 104058.

D. Godfrey, D. Nirmal, L. Arivazhagan, R. R. Kannan,
P. I. Nelson, S. Rajesh, B. Vidhya and N. Mohankumar, A
novel ZnPc nanorod derived piezoelectric nanogenerator
for energy harvesting, Phys. E, 2020, 118, 113931.

W. Ma, ]J. Lu, B. Wan, D. Peng, Q. Xu, G. Hu, Y. Peng,
C. Pan and Z. L. Wang, Piezoelectricity in multilayer black
phosphorus for piezotronics and nanogenerators, Adv.
Mater., 2020, 32(7), 1905795.

Y. Wang, R. Wang, S. Wan, Q. Wang, M. J. Kim, D. Ding
and W. Wu, Scalable nanomanufacturing and assembly of
chiral-chain piezoelectric tellurium nanowires for wear-
able self-powered cardiovascular monitoring, Nano
Futures, 2019, 3(1), 011001.

P. Ares, T. Cea, M. Holwill, Y. B. Wang, R. Roldan,
F. Guinea, D. V. Andreeva, L. Fumagalli, K. S. Novoselov
and C. R. Woods, Piezoelectricity in monolayer hexagonal
boron nitride, Adv. Mater., 2020, 32(1), 1905504.

Y. Aj, Y. L. Zeng, W. H. He, X. Q. Huang and Y. Y. Tang, Six-
fold vertices in a single-component organic ferroelectric
with most equivalent polarization directions, J. Am. Chem.
Soc., 2020, 142(32), 13989-13995.

S.-E. Park and T. R. Shrout, Ultrahigh strain and piezo-
electric behavior in relaxor based ferroelectric single crys-
tals, J. Appl. Phys., 1997, 82(4), 1804-1811.

M. Ahart, M. Somayazulu, R. E. Cohen, P. Ganesh, P. Dera,
H.-K. Mao, R. ]J. Hemley, Y. Ren, P. Liermann and Z. Wu,
Origin of morphotropic phase boundaries in ferroelectrics,
Nature, 2008, 451(7178), 545-548.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

409

410

411

412

413

414

415

416

417

418

419

420

F. Li, D. Lin, Z. Chen, Z. Cheng, J. Wang, C. Li, Z. Xu,
Q. Huang, X. Liao, L.-Q. Chen, T. R. Shrout and S. Zhang,
Ultrahigh piezoelectricity in ferroelectric ceramics by
design, Nat. Mater., 2018, 17(4), 349-354.

Y. Liu, H. Aziguli, B. Zhang, W. Xu, W. Lu, J. Bernholc and
Q. Wang, Ferroelectric polymers exhibiting behaviour
reminiscent of a morphotropic phase boundary, Nature,
2018, 562(7725), 96-100.

C. Qiu, B. Wang, N. Zhang, S. Zhang, J. Liu, D. Walker,
Y. Wang, H. Tian, T. R. Shrout, Z. Xu, L.-Q. Chen and F. Li,
Transparent ferroelectric crystals with ultrahigh piezoelec-
tricity, Nature, 2020, 577(7790), 350-354.

W.-Q. Liao, D. Zhao, Y.-Y. Tang, Y. Zhang, P.-F. Li, P.-P. Shi,
X.-G. Chen, Y.-M. You and R.-G. Xiong, A molecular
perovskite solid solution with piezoelectricity stronger
than lead zirconate titanate, Science, 2019, 363(6432),
1206-1210.

Y. M. You, W. Q. Liao, D. W. Zhao, H. Y. Ye, Y. Zhang,
Q. H. Zhou, X. H. Niu, J. L. Wang, P. F. Li, D. W. Fu,
Z. M. Wang, S. Gao, K. L. Yang, J. M. Liu, J. Y. Li, Y. F. Yan
and R. G. Xiong, An organic-inorganic perovskite ferro-
electric with large piezoelectric response, Science, 2017,
357(6348), 306-309.

H.-Y. Ye, Y.-Y. Tang, P.-F. Li, W.-Q. Liao, ]J.-X. Gao,
X.-N. Hua, H. Cai, P.-P. Shi, Y.-M. You and R.-G. Xiong,
Metal-free three-dimensional perovskite ferroelectrics,
Science, 2018, 361(6398), 151-155.

W.-Q. Liao, Y.-Y. Tang, P.-F. Li, Y.-M. You and R.-G. Xiong,
Competitive halogen bond in the molecular ferroelectric
with large piezoelectric response, J. Am. Chem. Soc., 2018,
140(11), 3975-3980.

E. J. Curry, K. Ke, M. T. Chorsi, K. S. Wrobel, A. N. Miller,
A. Patel, 1. Kim, J. Feng, L. Yue, Q. Wu, C. L. Kuo, K. W. Lo,
C. T. Laurencin, H. Ilies, P. K. Purohit and T. D. Nguyen,
Biodegradable piezoelectric force sensor, Proc. Natl. Acad.
Sci. U. S. A., 2018, 115(5), 909-914.

E.J. Curry, T. T. Le, R. Das, K. Ke, E. M. Santorella, D. Paul,
M. T. Chorsi, K. T. M. Tran, J. Baroody, E. R. Borges, B. Ko,
A. Golabchi, X. Xin, D. Rowe, L. Yue, J. Feng, M. D. Morales-
Acosta, Q. Wu, L. P. Chen, X. T. Cui, J. Pachter and T. D. Nguyen,
Biodegradable nanofiber-based piezoelectric transducer, Proc.
Natl. Acad. Sci. U. S. A., 2020, 117(1), 214-220.

K. Xu, J. Li, X. Lv, J. Wu, X. Zhang, D. Xiao and ]. Zhu,
Superior piezoelectric properties in potassium-sodium
niobate lead-free ceramics, Adv. Mater., 2016, 28(38),
8519-8523.

H. Xu, Y. J. Ko, T. G. Lee, S. J. Park, M. S. Noh, B. Y. Kim,
J. S. Kim and S. Nahm, Structural and piezoelectric proper-
ties of (Na;_,K,)NbO; platelets and their application for
piezoelectric nanogenerator, J. Am. Ceram. Soc., 2016,
99(10), 3476-3484.

B. Liu, B. Lu, X. Q. Chen, X. Wu, S. ]J. Shi, L. Xu, Y. Liu,
F. F. Wang, X. Y. Zhao and W. Z. Shi, A high-performance
flexible piezoelectric energy harvester based on lead-free
(Nay 5Bij 5)TiO3-BaTiO; piezoelectric nanofibers, J. Mater.
Chem. A, 2017, 5(45), 23634-23640.

This journal is © The Royal Society of Chemistry 2022

421

422

423

424

425

426

427

428

429

430

431

432

433

View Article Online

Chem Soc Rev

T. Zheng, J. Wu, D. Xiao and J. Zhu, Recent development in
lead-free perovskite piezoelectric bulk materials, Prog.
Mater. Sci., 2018, 98, 552-624.

I. Kanno, K. Akama, K. Wasa and H. Kotera, Evaluation of
intrinsic shear piezoelectric coefficient d15 of c-axis
oriented Pb(Zr,Ti)O; films, Appl. Phys. Express, 2009,
2(9), 091402.

D. A. Berlincourt, C. Cmolik and H. Jaffe, Piezoelectric
properties of polycrystalline lead titanate zirconate com-
positions, Proc. IRE, 1960, 48(2), 220-229.

Y. Gao and Z. L. Wang, Electrostatic potential in a bent
piezoelectric nanowire. The fundamental theory of nano-
generator and nanopiezotronics, Nano Lett., 2007, 7(8),
2499-2505.

Y. Liu and Q. Wang, Ferroelectric polymers exhibiting
negative longitudinal piezoelectric coefficient: progress
and prospects, Adv. Sci., 2020, 7(6), 1902468.

L. You, Y. Zhang, S. Zhou, A. Chaturvedi, S. A. Morris,
F. Liu, L. Chang, D. Ichinose, H. Funakubo, W. Hu, T. Wu,
Z. Liu, S. Dong and J. Wang, Origin of giant negative
piezoelectricity in a layered van der Waals ferroelectric,
Sci. Adv., 2019, 5, eaav3780.

C. K. Lee, Theory of laminated piezoelectric plates for the
design of distributed sensors/actuators. Part I: governing
equations and reciprocal relationships, J. Acoust. Soc. Am.,
1990, 87(3), 1144-1158.

X. Xue, Y. Nie, B. He, L. Xing, Y. Zhang and Z. L. Wang,
Surface free-carrier screening effect on the output of a ZnO
nanowire nanogenerator and its potential as a self-
powered active gas Nanotechnology, 2013,
24(22), 225501.

S. N. Lu, Q. L. Liao, J. J. Qi, S. Liu, Y. C. Liu, Q. J. Liang,
G. J. Zhang and Y. Zhang, The enhanced performance of
piezoelectric nanogenerator via suppressing screening
effect with Au particles/ZnO nanoarrays Schottky junction,
Nano Res., 2016, 9(2), 372-379.

J. H. Kang, D. K. Jeong, J. S. Ha, J. K. Lee and S. W. Ryu,
Enhanced performance of a GaN piezoelectric nanogen-

sensor,

erator with an embedded nanoporous layer via the sup-
pressed carrier screening effect, Semicond. Sci. Technol.,
2017, 32(2), 025001.

D. Yang, Y. Qiu, Q. Jiang, Z. Guo, W. Song, J. Xu, Y. Zong,
Q. Feng and X. Sun, Patterned growth of ZnO nanowires on
flexible substrates for enhanced performance of flexible
piezoelectric nanogenerators, Appl. Phys. Lett.,, 2017,
110(6), 063901.

J. L. Sohn, S. N. Cha, B. G. Song, S. Lee, S. M. Kim, J. Ku,
H. J. Kim, Y. J. Park, B. L. Choi, Z. L. Wang, J. M. Kim and
K. Kim, Engineering of efficiency limiting free carriers and
an interfacial energy barrier for an enhancing piezoelectric
generation, Energy Environ. Sci., 2013, 6(1), 97-104.

Y. Y. Zhao, Y. M. Fu, P. L. Wang, L. L. Xing and X. Y. Xue,
Highly stable piezo-immunoglobulin-biosensing of a SiO,/
ZnO nanogenerator as a self-powered/active biosensor
arising from the field effect influenced piezoelectric
screening effect, Nanoscale, 2015, 7(5), 1904-1911.

Chem. Soc. Rev,, 2022, 51, 3380-3435 | 3427


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

3428 |

K. Burney, F. Burchard, M. Papouchado and P. Wilde, Car-
diac pacing systems and implantable cardiac defibrillators
(ICDs): a radiological perspective of equipment, anatomy and
complications, Clin. Radio., 2004, 59(8), 699-708.

S. C. Bonawitz, Management of exposure of cardiac pace-
maker systems, Annu. Plas. Surg., 2012, 69(3), 292-295.

J. G. Rocha, L. M. Goncalves, P. F. Rocha, M. P. Silva and
S. Lanceros-Mendez, Energy harvesting from piezoelectric
materials fully integrated in footwear, IEEE Trans. Ind.
Electron., 2010, 57(3), 813-819.

Y. Cha and J. Seo, Energy harvesting from a piezoelectric
slipper during walking, J. Intell. Mater. Syst. Struct., 2017,
29(7), 1456-1463.

J. Cao, W. Wang, S. Zhou, D. J. Inman and J. Lin, Nonlinear
time-varying potential bistable energy harvesting from
human motion, Appl. Phys. Lett., 2015, 107(14), 143904.
W. Wang, J. Cao, C. R. Bowen, S. Zhou and J. Lin, Optimum
resistance analysis and experimental verification of non-
linear piezoelectric energy harvesting from human
motions, Energy, 2017, 118, 221-230.

N. S. Shenck and J. A. Paradiso, Energy scavenging with
shoe-mounted piezoelectrics, IEEE Micro, 2001, 21(3),
30-42.

K. Q. Fan, Z. H. Liu, H. Y. Liu, L. S. Wang, Y. M. Zhu and
B. Yu, Scavenging energy from human walking through a
shoe-mounted piezoelectric harvester, Appl. Phys. Lett.,
2017, 110(14), 143902.

F. Qian, T. B. Xu and L. Zuo, Design, optimization,
modeling and testing of a piezoelectric footwear
energy harvester, Energy Convers. Manage., 2018, 171,
1352-1364.

R. Yang, Y. Qin, C. Li, G. Zhu and Z. L. Wang, Converting
biomechanical energy into electricity by a muscle-movement-
driven nanogenerator, Nano Lett., 2009, 9(3), 1201-1205.

Z. Li, G. A. Zhu, R. S. Yang, A. C. Wang and Z. L. Wang,
Muscle-driven in vivo nanogenerator, Adv. Mater., 2010,
22(23), 2534-2537.

R. Yang, Y. Qin, L. Dai and Z. L. Wang, Power generation
with laterally packaged piezoelectric fine wires, Nat. Nano-
technol., 2009, 4(1), 34-39.

B. Saravanakumar, R. Mohan, K. Thiyagarajan and
S. J. Kim, Fabrication of a ZnO nanogenerator for eco-
friendly biomechanical energy harvesting, RSC Adv., 2013,
3(37), 16646-16656.

Z. Zhang, Y. Chen and ]J. S. Guo, ZnO nanorods patterned-
textile using a novel hydrothermal method for sandwich
structured-piezoelectric nanogenerator for human energy
harvesting, Phys. E, 2019, 105, 212-218.

B. Moorthy, C. Baek, J. E. Wang, C. K. Jeong, S. Moon,
K.-I. Park and D. K. Kim, Piezoelectric energy harvesting
from a PMN-PT single nanowire, RSC Adv., 2017, 7(1),
260-265.

W. Jin, Z. Wang, H. Huang, X. Hu, Y. He, M. Li, L. Li,
Y. Gao, Y. Hu and H. Gu, High-performance piezoelectric
energy harvesting of vertically aligned Pb(Zr, Ti)O;
nanorod arrays, RSC Adv., 2018, 8(14), 7422-7427.

Chem. Soc. Rev., 2022, 51, 3380-3435

450

451

452

453

454

455

456

457

458

459

460

461

View Article Online

Review Article

A. Waseem, M. A. Johar, M. A. Hassan, I. V. Bagal, J. S. Ha,
J. K. Lee and S. W. Ryu, Enhanced stability of piezoelectric
nanogenerator based on GaN/V,0s core-shell nanowires with
capacitive contact, Nanotechnology, 2020, 31(7), 075401.

W. L. Deng, L. Jin, Y. Q. Chen, W. J. Chu, B. B. Zhang,
H. Sun, D. Xiong, Z. K. Lv, M. H. Zhua and W. Q. Yang, An
enhanced low-frequency vibration ZnO nanorod-based
tuning fork piezoelectric nanogenerator, Nanoscale, 2018,
10(2), 843-847.

E. L. Tsege, G. H. Kim, V. Annapureddy, B. Kim, H. K. Kim
and Y. H. Hwang, A flexible lead-free piezoelectric nano-
generator based on vertically aligned BaTiO; nanotube
arrays on a Ti-mesh substrate, RSC Adv., 2016, 6(84),
81426-81435.

Y. B. Lee, ]J. K. Han, S. Noothongkaew, S. K. Kim, W. Song,
S. Myung, S. S. Lee, ]J. Lim, S. D. Bu and K. S. An, Toward
arbitrary-direction energy harvesting through flexible
piezoelectric nanogenerators using perovskite PbTiO;
nanotube arrays, Adv. Mater., 2017, 29(6), 1604500.

Q. Y. Wang, D. C. Yang, Y. Qiu, X. T. Zhang, W. B. Song and
L. Z. Hu, Two-dimensional ZnO nanosheets grown on flexible
ITO-PET substrate for self-powered energy-harvesting nano-
devices, Appl. Phys. Lett., 2018, 112(6), 063906.

J. Chen, S. K. Oh, N. Nabulsi, H. Johnson, W. J. Wang and
J. H. Ryou, Biocompatible and sustainable power supply
for self-powered wearable and implantable electronics
using IlI-nitride thin-film-based flexible piezoelectric gen-
erator, Nano Energy, 2019, 57, 670-679.

L. Algieri, M. T. Todaro, F. Guido, V. Mastronardi,
D. Desmaele, A. Qualtieri, C. Giannini, T. Sibillano and
M. De Vittorio, Flexible piezoelectric energy-harvesting
exploiting biocompatible AIN thin films grown onto spin-
coated polyimide layers, ACS Appl. Energy Mater., 2018,
1(10), 5203-5210.

S. Y. Chung, S. Kim, J. H. Lee, K. Kim, S. W. Kim,
C. Y. Kang, S. J. Yoon and Y. S. Kim, All-solution-
processed flexible thin film piezoelectric nanogenerator,
Adv. Mater., 2012, 24(45), 6022-6027.

M. B. Khan, D. H. Kim, J. H. Han, H. Saif, H. Lee, Y. Lee,
M. Kim, E. Jang, S. K. Hong, D. J. Joe, T. L. Lee, T. S. Kim,
K. J. Lee and Y. Lee, Performance improvement of flexible
piezoelectric energy harvester for irregular human motion
with energy extraction enhancement circuit, Nano Energy,
2019, 58, 211-219.

A. S. Dahiya, F. Morini, S. Boubenia, K. Nadaud, D. Alquier
and G. Poulin-Vittrant, Organic/inorganic hybrid stretch-
able piezoelectric nanogenerators for self-powered wear-
able electronics, Adv. Mater. Technol., 2018, 3(2), 1700249.
S. Khadetare, E. J. Ko, Y. H. Kim, H. S. Lee and D. K. Moon,
A flexible piezoelectric nanogenerator using conducting
polymer and silver nanowire hybrid electrodes for its
application in real-time muscular monitoring system,
Sens. Actuators, A, 2019, 299, 111575.

A. Delnavaz and ]. Voix, Flexible piezoelectric energy
harvesting from jaw movements, Smart Mater. Struct.,
2014, 23(10), 105020.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

462

463

464

465

466

467

468

469

470

471

472

473

474

N. R. Alluri, V. Vivekananthan, A. Chandrasekhar and S.-
J. Kim, Adaptable piezoelectric hemispherical composite
strips using a scalable groove technique for a self-powered
muscle monitoring system, Nanoscale, 2018, 10(3), 907-913.
A. Proto, M. Penhaker, D. Bibbo, D. Vala, S. Conforto and
M. Schmid, Measurements of generated energy/electrical
quantities from locomotion activities using piezoelectric
wearable sensors for body motion energy harvesting, Sen-
sors, 2016, 16(4), 524.

M. Safaei, R. M. Meneghini and S. R. Anton, Energy
harvesting and sensing with embedded piezoelectric cera-
mics in knee implants, IEEE ASME Trans. Mechatron., 2018,
23(2), 864-874.

M. Kim and K. S. Yun, Helical piezoelectric energy har-
vester and its application to energy harvesting garments,
Micromachines, 2017, 8(4), 115.

S. B. He, W. Dong, Y. P. Guo, L. Guan, H. Y. Xiao and
H. Z. Liu, Piezoelectric thin film on glass fiber fabric with
structural hierarchy: an approach to high-performance,
superflexible, cost-effective, and large-scale nanogenera-
tors, Nano Energy, 2019, 59, 745-753.

M. Pozzi, M. S. H. Aung, M. L. Zhu, R. K. Jones and
J. Y. Goulermas, The pizzicato knee-joint energy harvester:
characterization with biomechanical data and the effect of
backpack load, Smart Mater. Struct., 2012, 21(7), 075023.
Y. K. Fuh and B. S. Wang, Near field sequentially electro-
spun three-dimensional piezoelectric fibers arrays for self-
powered sensors of human gesture recognition, Nano
Energy, 2016, 30, 677-683.

B. W. Lu, Y. Chen, D. P. Ou, H. Chen, L. W. Diao,
W. Zhang, J. Zheng, W. G. Ma, L. Z. Sun and X. Feng,
Ultra-flexible piezoelectric devices integrated with heart to
harvest the biomechanical energy, Sci. Rep., 2015, 5, 16065.
Y. K. Fuh, J. C. Ye, P. C. Chen, H. C. Ho and Z. M. Huang,
Hybrid energy harvester consisting of piezoelectric fibers
with largely enhanced 20 V for wearable and muscle-driven
applications, ACS Appl. Mater. Interfaces, 2015, 7(31),
16923-16931.

H. Zhang, X.-S. Zhang, X. Cheng, Y. Liu, M. Han, X. Xue,
S. Wang, F. Yang, A. S. Shankaregowda, H. Zhang and
Z. Xu, A flexible and implantable piezoelectric generator
harvesting energy from the pulsation of ascending aorta:
in vitro and in vivo studies, Nano Energy, 2015, 12, 296-304.
N. Li, Z. Yi, Y. Ma, F. Xie, Y. Huang, Y. Tian, X. Dong,
Y. Liu, X. Shao, Y. Li, L. Jin, J. Liu, Z. Xu, B. Yang and
H. Zhang, Direct powering a real cardiac pacemaker by
natural energy of a heartbeat, ACS Nano, 2019, 13(3),
2822-2830.

W. S. Jung, M. J. Lee, M. G. Kang, H. G. Moon, S. J. Yoon,
S. H. Baek and C. Y. Kang, Powerful curved piezoelectric
generator for wearable applications, Nano Energy, 2015, 13,
174-181.

B. Yang and K. S. Yun, Piezoelectric shell structures as
wearable energy harvesters for effective power generation
at low-frequency movement, Sens. Actuators, A, 2012, 188,
427-433.

This journal is © The Royal Society of Chemistry 2022

475

476

477

478

479

480

481

482

483

484

485

486

487

488

View Article Online

Chem Soc Rev

Y. Z. Han, Y. L. Cao, J.J. Zhao, Y. J. Yin, L. C. Ye, X. F. Wang
and Z. You, A self-powered insole for human motion
recognition, Sensors, 2016, 16(9), 1502.

S. Crossley, R. A. Whiter and S. Kar-Narayan, Polymer-
based nanopiezoelectric generators for energy harvesting
applications, Mater. Sci. Technol., 2014, 30(13), 1613-1624.
S. J. You, H. D. Shi, J. G. Wu, L. Shan, S. S. Guo and
S. X. Dong, A flexible, wave-shaped P(VDF-TrFE)/metglas
piezoelectric composite for wearable applications, J. Appl.
Phys., 2016, 120(23), 234103.

J.-H. Yang, H.-S. Cho, S.-H. Park, S.-H. Song, K.-S. Yun and
J. H. Lee, Effect of garment design on piezoelectricity
harvesting from joint movement, Smart Mater. Struct.,
2016, 25(3), 035012.

J. Zhao and Z. You, A shoe-embedded piezoelectric energy
harvester for wearable sensors, Sensors, 2014, 14(7),
12497-12510.

Y. Mao, P. Zhao, G. Mcconohy, H. Yang, Y. Tong and
X. Wang, Sponge-like piezoelectric polymer films for
scalable and integratable nanogenerators and self-
powered electronic systems, Adv. Energy Mater., 2014,
4(7), 175-182.

Y. H. Yu, H. Y. Sun, H. Orbay, F. Chen, C. G. England,
W. B. Cai and X. D. Wang, Biocompatibility and in vivo
operation of implantable mesoporous PVDF-based nano-
generators, Nano Energy, 2016, 27, 275-281.

L. L. Zhang, J. Z. Gui, Z. Z. Wu, R. Li, Y. Wang, Z. Y. Gong,
X. Z. Zhao, C. L. Sun and S. S. Guo, Enhanced performance
of piezoelectric nanogenerator based on aligned nanofi-
bers and three-dimensional interdigital electrodes, Nano
Energy, 2019, 65, 103924.

A. Talbourdet, F. Rault, G. Lemort, C. Cochrane, E. Devaux
and C. Campagne, 3D interlock design 100% PVDF piezo-
electric to improve energy harvesting, Smart Mater. Struct.,
2018, 27(7), 075010.

W. Li, N. Wu, J. Zhong, Q. Zhong, S. Zhao, B. Wang,
X. Cheng, S. Li, K. Liu and B. Hu, Theoretical study of
cellular piezoelectret generators, Adv. Funct. Mater., 2016,
26(12), 1964-1974.

W. Li, D. Torres, T. Wang, C. Wang and N. Sepulveda,
Flexible and biocompatible polypropylene ferroelectret
nanogenerator (FENG): on the path toward wearable
devices powered by human motion, Nano Energy, 2016,
30, 649-657.

Z. Luo, D. Zhu and S. P. Beeby, Multilayer ferroelectret-
based energy harvesting insole, J. Phys., 2015, 660, 012118.
S. Siddiqui, D. I. Kim, L. T. Duy, M. T. Nguyen,
S. Muhammad, W. S. Yoon and N. E. Lee, High-
performance flexible lead-free nanocomposite piezoelec-
tric nanogenerator for biomechanical energy harvesting
and storage, Nano Energy, 2015, 15, 177-185.

N. R. Alluri, A. Chandrasekhar, V. Vivekananthan,
Y. Purusothaman, S. Selvarajan, J. H. Jeong and
S. J. Kim, Scavenging biomechanical energy using high-
performance, flexible BaTiO; Nanocube/PDMS composite
films, ACS Sustainable Chem. Eng., 2017, 5(6), 4730-4738.

Chem. Soc. Rev,, 2022, 51, 3380-3435 | 3429


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

489

490

491

492

493

494

495

496

497

498

499

500

3430 |

H. H. Fan, C. C. Jin, Y. Wang, H. L. Hwang and Y. F. Zhang,
Structural of BCTZ nanowires and high performance
BCTZ-based nanogenerator for biomechanical energy har-
vesting, Ceram. Int., 2017, 43(8), 5875-5880.

S. K. Si, S. K. Karan, S. Paria, A. Maitra, A. K. Das, R. Bera,
A. Bera, L. Halder and B. B. Khatua, A strategy to develop
an efficient piezoelectric nanogenerator through ZTO
assisted gamma-phase nucleation of PVDF in ZTO/PVDF
nanocomposite for harvesting bio-mechanical energy and
energy storage application, Mater. Chem. Phys., 2018, 213,
525-537.

R. Pandey, N. Raj, V. Singh, P. I. Anand and S. J. Kim, Novel
interfacial bulk heterojunction technique for enhanced
response in ZnO nanogenerator, ACS Appl. Mater. Inter-
faces, 2019, 11(6), 6078-6088.

N. Raj, N. R. Alluri, G. Khandelwal and S. J. Kim, Lead-free
piezoelectric nanogenerator using lightweight composite
films for harnessing biomechanical energy, Composites,
Part B, 2019, 161, 608-616.

A. Sultana, M. M. Alam, A. Biswas, T. R. Middya and
D. Mandal, Fabrication of wearable semiconducting piezo-
electric nanogenerator made with electrospun-derived zinc
sulfide nanorods and poly(vinyl alcohol) nanofibers, Trans.
Mater. Res., 2016, 3(4), 045001.

Y. Z. Zhang, M. J. Wu, Q. Y. Zhu, F. Y. Wang, H. X. Su, H. Li,
C. L. Diao, H. W. Zheng, Y. H. Wu and Z. L. Wang,
Performance enhancement of flexible piezoelectric nano-
generator via doping and rational 3D structure design for
self-powered mechanosensational system, Adv. Funct.
Mater., 2019, 29(42), 1904259.

C. X. Hu, L. Cheng, Z. Wang, Y. B. Zheng, S. Bai and Y. Qin,
A transparent antipeep piezoelectric nanogenerator to
harvest tapping energy on screen, Small, 2016, 12(10),
1315-1321.

Z. Xu, C. Jin, A. Cabe, D. Escobedo, N. Hao, I. Trase,
A. B. Closson, L. Dong, Y. Nie, J. Elliott, M. Feldman, Z. Chen
and J. X. J. Zhang, Flexible energy harvester on a pacemaker
lead using multi-beam piezoelectric composite thin film, ACS
Appl. Mater. Interfaces, 2020, 12(30), 34170-34179.

H.Y. Li, L. Su, S. Y. Kuang, Y. J. Fan, Y. Wu, Z. L. Wang and
G. Zhu, Multilayered flexible nanocomposite for hybrid
nanogenerator enabled by conjunction of piezoelectricity
and triboelectricity, Nano Res., 2017, 10(3), 785-793.

A. Almusallam, Z. Luo, A. Komolafe, K. Yang, A. Robinson,
R. Torah and S. Beeby, Flexible piezoelectric nano-
composite films for kinetic energy harvesting from textiles,
Nano Energy, 2017, 33, 146-156.

B. Dutta, E. Kar, N. Bose and S. Mukherjee, NiO@SiO,/
PVDF: a flexible polymer nanocomposite for a high perfor-
mance human body motion-based energy harvester and
tactile e-skin mechanosensor, ACS Sustainable Chem. Eng.,
2018, 6(8), 10505-10516.

M. M. Zhu, M. N. Lou, I. Abdalla, J. Y. Yu, Z. L. Li and
B. Ding, Highly shape adaptive fiber based electronic skin
for sensitive joint motion monitoring and tactile sensing,
Nano Energy, 2020, 69, 104429.

Chem. Soc. Rev., 2022, 51, 3380-3435

501

502

503

504

505

506

507

508

509

510

511

512

513

View Article Online

Review Article

S. Siddiqui, H. B. Lee, D. I. Kim, L. T. Duy, A. Hanif and
N. E. Lee, An omnidirectionally stretchable piezoelectric
nanogenerator based on hybrid nanofibers and carbon elec-
trodes for multimodal straining and human kinematics
energy harvesting, Adv. Energy Mater., 2018, 8(2), 1701520.
Y. Hong, B. Wang, Z. Long, Z. Zhang, Q. Pan, S. Liu, X. Luo
and Z. Yang, Hierarchically interconnected piezoceramic
textile with a balanced performance in piezoelectricity,
flexibility, toughness, and air permeability, Adv. Funct.
Mater., 2021, 31(42), 2104737.

L. Gu, J. Liu, N. Cui, Q. Xu, T. Du, L. Zhang, Z. Wang,
C. Long and Y. Qin, Enhancing the current density of a
piezoelectric nanogenerator using a three-dimensional
intercalation electrode, Nat. Commun., 2020, 11(1), 1030.
A. Maitra, S. K. Karan, S. Paria, A. K. Das, R. Bera,
L. Halder, S. K. Si, A. Bera and B. B. Khatua, Fast charging
self-powered wearable and flexible asymmetric supercapa-
citor power cell with fish swim bladder as an efficient
natural bio-piezoelectric separator, Nano Energy, 2017, 40,
633-645.

S. K. Ghosh and D. Mandal, Bio-assembled, piezoelectric
prawn shell made self-powered wearable sensor for non-
invasive physiological signal monitoring, Appl. Phys. Lett.,
2017, 110(12), 123701.

F. Yang, J. Li, Y. Long, Z. Zhang, L. Wang, ]. Sui, Y. Dong,
Y. Wang, R. Taylor, D. Ni, W. Cai, P. Wang, T. Hacker and
X. Wang, Wafer-scale heterostructured piezoelectric bio-
organic thin films, Science, 2021, 373(6552), 337-342.

J. Kim, J. H. Lee, J. Lee, Y. Yamauchi, C. H. Choi and
J. H. Kim, Research update: hybrid energy devices combin-
ing nanogenerators and energy storage systems for self-
charging capability, APL Mater., 2017, 5(7), 073804.

J. Bae, Y. J. Park, M. Lee, S. N. Cha, Y. J. Choi, C. S. Lee,
J. M. Kim and Z. L. Wang, Single-fiber-based hybridization
of energy converters and storage units using graphene as
electrodes, Adv. Mater., 2011, 23(30), 3446-3449.

Y. Yang, H. Zhang, G. Zhu, S. Lee, Z. H. Lin and Z. L. Wang,
Flexible hybrid energy cell for simultaneously harvesting
thermal, mechanical, and solar energies, ACS Nano, 2013,
7(1), 785-790.

C. Pan, W. Guo, L. Dong, G. Zhu and Z. L. Wang, Optical fiber-
based core-shell coaxially structured hybrid cells for self-
powered nanosystems, Adv. Mater., 2012, 24(25), 3356-3361.
Z. Z. He, B. B. Gao, T. Li, J. L. Liao, B. Liu, X. J. Liu,
C. Y. Wang, Z. Q. Feng and Z. Z. Gu, Piezoelectric-driven
self-powered patterned electrochromic supercapacitor for
human motion energy harvesting, ACS Sustainable Chem.
Eng., 2019, 7(1), 1745-1752.

Y. Yang, X. Wei, N. Zhang, J. Zheng, X. Chen, Q. Wen,
X. Luo, C.-Y. Lee, X. Liu, X. Zhang, J. Chen, C. Tao,
W. Zhang and X. Fan, A non-printed integrated-circuit
textile for wireless theranostics, Nat. Commun., 2021,
12(1), 4876.

Y. Fang, X. Zhao, T. Tat, X. Xiao, G. Chen, J. Xu and J. Chen,
All-in-one conformal epidermal patch for multimodal bio-
sensing, Matter, 2021, 4(4), 1102-1105.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

514

515

516

517

518

519

520

521

522

523

524

525

526

527

A. Petritz, E. Karner-Petritz, T. Uemura, P. Schaffner,
T. Araki, B. Stadlober and T. Sekitani, Imperceptible energy
harvesting device and biomedical sensor based on ultra-
flexible ferroelectric transducers and organic diodes, Nat.
Commun., 2021, 12(1), 2399.

J.-H. Lee, J. Kim, T. Y. Kim, M. S. Al Hossain, S.-W. Kim and
J. H. Kim, All-in-one energy harvesting and storage devices,
J. Mater. Chem. A, 2016, 4(21), 7983-7999.

A. Ramadoss, B. Saravanakumar, S. W. Lee, Y.-S. Kim,
S. J. Kim and Z. L. Wang, Piezoelectric-driven self-charging
supercapacitor power cell, ACS Nano, 2015, 9(4), 4337-4345.
P. Biswas, N. A. Hoque, P. Thakur, M. M. Saikh, S. Roy,
F. Khatun, B. Bagchi and S. Das, Portable self-powered
piezoelectric nanogenerator and self-charging photo-
power pack using in situ formed multifunctional calcium
phosphate nanorod-doped PVDF films, Langmuir, 2019,
35(52), 17016-17026.

W. S. Tong, Y. H. Zhang, Q. Zhang, X. L. Luan, F. Z. Lv,
L. P. Liu and Q. An, An all-solid-state flexible piezoelectric
high-k film functioning as both a generator and in situ
storage unit, Adv. Funct. Mater., 2015, 25(45), 7029-7037.
X. Xue, S. Wang, W. Guo, Y. Zhang and Z. L. Wang,
Hybridizing energy conversion and storage in a
mechanical-to-electrochemical process for self-charging
power cell, Nano Lett., 2012, 12(9), 5048-5054.

X. Xue, P. Deng, B. He, Y. Nie, L. Xing, Y. Zhang and
Z. L. Wang, Flexible self-charging power cell for one-step
energy conversion and storage, Adv. Energy Mater., 2014,
4(5), 1301329.

Y.-S. Kim, Y. Xie, X. Wen, S. Wang, S. J. Kim, H.-K. Song
and Z. L. Wang, Highly porous piezoelectric PVDF
membrane as effective lithium ion transfer channels for
enhanced self-charging power cell, Nano Energy, 2015, 14,
77-86.

Y. Lu, Y. Jiang, Z. Lou, R. Shi, D. Chen and G. Shen,
Wearable supercapacitor self-charged by P(VDF-TIFE)
piezoelectric separator, Prog. Nat. Sci.: Mater. Int., 2020,
30(2), 174-179.

D. Zhou, F. Wang, J. Yang and L. Fan, Flexible solid-state
self-charging supercapacitor based on symmetric electro-
des and piezo-electrolyte, Chem. Eng. J., 2021, 406, 126825.
K. Krishnamoorthy, P. Pazhamalai, V. K. Mariappan,
S. S. Nardekar, S. Sahoo and S. J. Kim, Probing the energy
conversion process in piezoelectric-driven electrochemical
self-charging supercapacitor power cell using piezoelectro-
chemical spectroscopy, Nat. Commun., 2020, 11(1), 2351.
D. Alghisi, V. Ferrari, M. Ferrari, D. Crescini, F. Touati and
A. B. Mnaouer, Single- and multi-source battery-less power
management circuits for piezoelectric energy harvesting
systems, Sens. Actuators, A, 2017, 264, 234-246.

D. Alghisi, V. Ferrari, M. Ferrari, F. Touati, D. Crescini and
A. B. Mnaouer, A new nano-power trigger circuit for
battery-less power management electronics in energy har-
vesting systems, Sens. Actuators, A, 2017, 263, 305-316.

N. Chen, H. J. Jung, H. Jabbar, T. H. Sung and T. Wei, A
piezoelectric impact-induced vibration cantilever energy

This journal is © The Royal Society of Chemistry 2022

528

529

530

531

532

533

534

535

536

537

538

539

540

541

View Article Online

Chem Soc Rev

harvester from speed bump with a low-power power man-
agement circuit, Sens. Actuators, A, 2017, 254, 134-144.

S. Z. Homayounfar and T. L. Andrew, Wearable sensors for
monitoring human motion: a review on mechanisms,
materials, and challenges, SLAS Technol., 2020, 25(1), 9-24.
A. Muro-De-La-Herran, B. Garcia-Zapirain and A. Mendez-
Zorrilla, Gait analysis methods: an overview of wearable
and non-wearable systems, highlighting clinical applica-
tions, Sensors, 2014, 14(2), 3362-3394.

R. Miotto, F. Wang, S. Wang, X. Jiang and J. T. Dudley,
Deep learning for healthcare: review, opportunities and
challenges, Brief Bioinform., 2018, 19(6), 1236-1246.

D. Yu, Z. Zheng, J. Liu, H. Xiao, G. Huangfu and Y. Guo,
Superflexible and lead-free piezoelectric nanogenerator as
a highly sensitive self-powered sensor for human motion
monitoring, Nanomicro Lett., 2021, 13(1), 117.

N. R. Alluri, S. Selvarajan, A. Chandrasekhar, B. Saravanakumar,
J. H. Jeong and S. J. Kim, Piezoelectric BaTiOs/alginate spherical
composite beads for energy harvesting and self-powered wear-
able flexion sensor, Compos. Sci. Technol., 2017, 142, 65-78.

E. Kar, N. Bose, B. Dutta, N. Mukherjee and S. Mukherjee,
MWCNT®@SiO, heterogeneous nanofiller-based polymer
composites: a single key to the high-performance piezo-
electric nanogenerator and x-band microwave shield, ACS
Appl. Nano Mater., 2018, 1(8), 4005-4018.

Y. Yang, H. Pan, G. Z. Xie, Y. D. Jiang, C. X. Chen, Y. J. Su,
Y. Wang and H. L. Tai, Flexible piezoelectric pressure
sensor based on polydopamine-modified BaTiO3/PVDF
composite film for human motion monitoring, Sens. Actua-
tors, A, 2020, 301, 111789.

M. Pozzi and M. Zhu, Plucked piezoelectric bimorphs for
knee-joint energy harvesting: modelling and experimental
validation, Smart Mater. Struct., 2011, 20(5), 055007.

X.Z. Wang, B. Yang, J. Q. Liu and C. S. Yang, A transparent
and biocompatible single-friction-surface triboelectric and
piezoelectric generator and body movement sensor,
J. Mater. Chem. A, 2017, 5(3), 1176-1183.

X. Y. Guan, B. G. Xu and ]J. L. Gong, Hierarchically
architected polydopamine modified BaTiO;@P(VDF-TtFE)
nanocomposite fiber mats for flexible piezoelectric nano-
generators and self-powered sensors, Nano Energy, 2020,
70, 104516.

Y. Su, W. Li, L. Yuan, C. Chen, H. Pan, G. Xie, G. Conta,
S. Ferrier, X. Zhao, G. Chen, H. Tai, Y. Jiang and J. Chen,
Piezoelectric fiber composites with polydopamine interfa-
cial layer for self-powered wearable biomonitoring, Nano
Energy, 2021, 89, 106321.

S. Lee, R. Hinchet, Y. Lee, Y. Yang, Z.-H. Lin, G. Ardila,
L. Montes, M. Mouis and Z. L. Wang, Ultrathin nanogen-
erators as self-powered/active skin sensors for tracking eye
ball motion, Adv. Funct. Mater., 2014, 24(8), 1163-1168.
C. Li, S. Wu, B. Lu, Y. Zhang, Y. Du and X. Feng, Ultrathin
flexible piezoelectric sensors for monitoring eye fatigue,
J. Micromech. Microeng., 2018, 28(2), 025010.

T. Sun, F. Tasnim, R. T. McIntosh, N. Amiri, D. Solav,
M. T. Anbarani, D. Sadat, L. Zhang, Y. Gu, M. A. Karami

Chem. Soc. Rev,, 2022, 51, 3380-3435 | 3431


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

542

543

544

545

546

547

548

549

550

551

552

3432 |

and C. Dagdeviren, Decoding of facial strains via conform-
able piezoelectric interfaces, Nat. Biomed. Eng., 2020, 4(10),
954-972.

Y. Hong, B. Wang, W. Lin, L. Jin, S. Liu, X. Luo, ]J. Pan,
W. Wang and Z. Yang, Highly anisotropic and flexible
piezoceramic kirigami for preventing joint disorders, Sci.
Adv., 2021, 7(11), eabf0795.

Q. Zhang, T. Jiang, D. Ho, S. Qin, X. Yang, J. H. Cho, Q. Sun
and Z. L. Wang, Transparent and self-powered multistage
sensation matrix for mechanosensation application, ACS
Nano, 2018, 12(1), 254-262.

S. Lim, D. Son, J. Kim, Y. B. Lee, J.-K. Song, S. Choi,
D. J. Lee, J. H. Kim, M. Lee, T. Hyeon and D.-H. Kim,
Transparent and stretchable interactive human machine
interface based on patterned graphene heterostructures,
Adv. Funct. Mater., 2015, 25(3), 375-383.

T. Q. Trung and N. E. Lee, Flexible and stretchable physical
sensor integrated platforms for wearable human-activity
monitoringand personal healthcare, Adv. Mater., 2016,
28(22), 4338-4372.

H. U. Chung, B. H. Kim, J. Y. Lee, J. Lee, Z. Xie, E. M. Ibler,
K. Lee, A. Banks, J. Y. Jeong, J. Kim, C. Ogle, D. Grande,
Y. Yu, H. Jang, P. Assem, D. Ryu, J. W. Kwak,
M. Namkoong, J. B. Park, Y. Lee, D. H. Kim, A. Ryu,
J. Jeong, K. You, B. Ji, Z. Liu, Q. Huo, X. Feng, Y. Deng,
Y. Xu, K. L. Jang, J. Kim, Y. Zhang, R. Ghaffari, C. M. Rand,
M. Schau, A. Hamvas, D. E. Weese-Mayer, Y. Huang,
S. M. Lee, C. H. Lee, N. R. Shanbhag, A. S. Paller, S. Xu
and J. A. Rogers, Binodal, wireless epidermal electronic
systems with in-sensor analytics for neonatal intensive
care, Science, 2019, 363(6430), eaau0780.

M. Dai, Z. Wang, F. Wang, Y. Qiu, J. Zhang, C. Y. Xu,
T. Zhai, W. Cao, Y. Fu, D. Jia, Y. Zhou and P. A. Hu, Two-
dimensional van der Waals materials with aligned in-plane
polarization and large piezoelectric effect for self-powered
piezoelectric sensors, Nano Lett., 2019, 19(8), 5410-5416.
Y. Su, C. Chen, H. Pan, Y. Yang, G. Chen, X. Zhao, W. Li,
Q. Gong, G. Xie, Y. Zhou, S. Zhang, H. Tai, Y. Jiang and
J. Chen, Muscle fibers inspired high-performance piezo-
electric textiles for wearable physiological monitoring, Adv.
Funct. Mater., 2021, 31(19), 2010962.

E. S. Hosseini, L. Manjakkal, D. Shakthivel and R. Dahiya,
Glycine-chitosan based flexible biodegradable piezoelec-
tric pressure sensor, ACS Appl. Mater. Interfaces, 2020,
12(8), 9008-9016.

M. Kang, J. H. Park, K. I. Lee, J. W. Cho, J. Bae, B. K. Ju and
C.S. Lee, Fully flexible and transparent piezoelectric touch
sensors based on ZnO nanowires and BaTiO;-added SiO,
capping layers, Phys. Status Solidi A, 2015, 212(9),
2005-2011.

Y. K. Fuh, B. S. Wang and C. Y. Tsai, Self-powered pressure
sensor with fully encapsulated 3D printed wavy substrate
and highly-aligned piezoelectric fibers array, Sci. Rep.,
2017, 7(1), 6759.

Z. Yan, T. Pan, D. Wang, J. Li, L. Jin, L. Huang, J. Jiang,
Z. Qi, H. Zhang, M. Gao, W. Yang and Y. Lin, Stretchable

Chem. Soc. Rev., 2022, 51, 3380-3435

553

554

555

556

557

558

559

560

561

562

563

564

View Article Online

Review Article

micromotion sensor with enhanced sensitivity using ser-
pentine layout, ACS Appl. Mater. Interfaces, 2019, 11(13),
12261-12271.

C. Dagdeviren, F. Javid, P. Joe, T. von Erlach, T. Bensel,
Z. Wei, S. Saxton, C. Cleveland, L. Booth, S. McDonnell,
J. Collins, A. Hayward, R. Langer and G. Traverso, Flexible
piezoelectric devices for gastrointestinal motility sensing,
Nat. Biomed. Eng., 2017, 1(10), 807-817.

W. Gao, S. Emaminejad, H. Y. Y. Nyein, S. Challa, K. Chen,
A. Peck, H. M. Fahad, H. Ota, H. Shiraki, D. Kiriya, D.-
H. Lien, G. A. Brooks, R. W. Davis and A. Javey, Fully
integrated wearable sensor arrays for multiplexed in situ
perspiration analysis, Nature, 2016, 529(7587), 509-514.
B. Saravanakumar, S. Soyoon and S. J. Kim, Self-powered
pH sensor based on a flexible organic-inorganic hybrid
composite nanogenerator, ACS Appl. Mater. Interfaces,
2014, 6(16), 13716-13723.

W. Y. Yang, W. X. Han, H. L. Gao, L. L. Zhang, S. Wang,
L. L. Xing, Y. Zhang and X. Y. Xue, Self-powered implan-
table electronic-skin for in situ analysis of urea/uric-acid
in body fluids and the potential applications in real-
time kidney-disease diagnosis, Nanoscale, 2018, 10(4),
2099-2107.

W. X. Han, H. X. He, L. L. Zhang, C. Y. Dong, H. Zeng,
Y. T. Dai, L. L. Xing, Y. Zhang and X. Y. Xue, A self-powered
wearable noninvasive electronic-skin for perspiration ana-
lysis based on piezo-biosensing unit matrix of enzyme/ZnO
nanoarrays, ACS Appl. Mater. Interfaces, 2017, 9(35),
29526-29537.

X. Xue, Z. Qu, Y. Fu, B. Yu, L. Xing and Y. Zhang, Self-
powered electronic-skin for detecting glucose level in body
fluid basing on piezo-enzymatic-reaction coupling process,
Nano Energy, 2016, 26, 148-156.

N. Liu, R. Wang, S. Gao, R. Zhang, F. Fan, Y. Ma, X. Luo,
D. Ding and W. Wu, High-performance piezo-electrocatalytic
sensing of ascorbic acid with nanostructured wurtzite zinc
oxide, Adv. Mater., 2021, 33(51), 2105697.

T. M. Zhao, Y. M. Fu, H. X. He, C. Y. Dong, L. L. Zhang,
H. Zeng, L. L. Xing and X. Y. Xue, Self-powered gustation
electronic skin for mimicking taste buds based on
piezoelectric-enzymatic reaction coupling process, Nano-
technology, 2018, 29(7), 075501.

A. Sutka, P. C. Sherrell, N. A. Shepelin, L. Lapcinskis,
K. Malnieks and A. V. Ellis, Measuring piezoelectric
output-fact or friction?, Adv. Mater., 2020, 32(32), 2002979.
L. P. da Silva, S. C. Kundu, R. L. Reis and V. M. Correlo,
Electric phenomenon: a disregarded tool in tissue engi-
neering and regenerative medicine, Trends Biotechnol.,
2020, 38(1), 24-49.

M. Levin and C. G. Stevenson, Regulation of cell behavior
and tissue patterning by bioelectrical signals: challenges
and opportunities for biomedical engineering, Annu. Rev.
Biomed. Eng., 2012, 14(1), 295-323.

C. Ribeiro, S. Moreira, V. Correia, V. Sencadas, J. G. Rocha,
F. M. Gama, J. L. Gomez Ribelles and S. Lanceros-Méndez,
Enhanced proliferation of pre-osteoblastic cells by

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

565

566

567

568

569

570

571

572

573

574

dynamic piezoelectric stimulation, RSC Adv.,
2(30), 11504.

P. M. Martins, S. Ribeiro, C. Ribeiro, V. Sencadas,
A. C. Gomes, F. M. Gama and S. Lanceros-Méndez, Effect
of poling state and morphology of piezoelectric
poly(vinylidene fluoride) membranes for skeletal muscle
tissue engineering, RSC Adv., 2013, 3(39), 17938.

A. Marino, J. Barsotti, G. de Vito, C. Filippeschi,
B. Mazzolai, V. Piazza, M. Labardi, V. Mattoli and
G. Ciofani, Two-photon lithography of 3D nanocomposite
piezoelectric scaffolds for cell stimulation, ACS Appl
Mater. Interfaces, 2015, 7(46), 25574-25579.

J.-K. Yoon, M. Misra, S. J. Yu, H. Y. Kim, S. H. Bhang,
S. Y. Song, J.-R. Lee, S. Ryu, Y. W. Choo, G.-J. Jeong,
S. P. Kwon, S. G. Im, T. I. Lee and B.-S. Kim, Thermo-
sensitive, stretchable, and piezoelectric substrate for gen-
eration of myogenic cell sheet fragments from human
mesenchymal stem cells for skeletal muscle regeneration,
Adv. Funct. Mater., 2017, 27(48), 1703853.

Z.Yin, X. Chen, J. L. Chen, W. L. Shen, T. M. Hieu Nguyen,
L. Gao and H. W. Ouyang, The regulation of tendon stem
cell differentiation by the alignment of nanofibers, Bioma-
terials, 2010, 31(8), 2163-2175.

S. M. Damaraju, Y. Shen, E. Elele, B. Khusid,
A. Eshghinejad, ]J. Li, M. Jaffe and T. L. Arinzeh, Three-
dimensional piezoelectric fibrous scaffolds selectively pro-

2012,

mote mesenchymal stem cell differentiation, Biomaterials,
2017, 149, 51-62.

A. S. Timin, A. R. Muslimov, M. V. Zyuzin, O. O. Peltek,
T. E. Karpov, I S. Sergeev, A. I Dotsenko,
A. A. Goncharenko, N. D. Yolshin, A. Sinelnik, B. Krause,
T. Baumbach, M. A. Surmeneva, R. V. Chernozem,
G. B. Sukhorukov and R. A. Surmenev, Multifunctional
scaffolds with improved antimicrobial properties and
osteogenicity based on piezoelectric electrospun fibers
decorated with bioactive composite microcapsules, ACS
Appl. Mater. Interfaces, 2018, 10(41), 34849-34868.

Z. Zhang, Y. Wang, H. Zhang, Z. Tang, W. Liu, Y. Lu,
Z.Wang, H. Yang, W. Pang, H. Zhang, D. Zhang and X. Duan,
Hypersonic poration: a new versatile cell poration method to
enhance cellular uptake using a piezoelectric nano-
electromechanical device, Smail, 2017, 13(18), 1602962.

N. Adadi, M. Yadid, I. Gal, M. Asulin, R. Feiner, R. Edri and
T. Dvir, Electrospun fibrous PVDF-TFE scaffolds for car-
diac tissue engineering, differentiation, and maturation,
Adv. Mater. Technol., 2020, 5(3), 900820.

A. C. Wang, M. Hu, L. W. Zhou and X. Y. Qiang, Self-
powered well-aligned P(VDF-TrFE) piezoelectric nanofiber
nanogenerator for modulating an exact electrical stimula-
tion and enhancing the proliferation of preosteoblasts,
Nanomaterials, 2019, 9(3), 349.

Y. Kong, F. Liu, B. J. Ma, J. Z. Duan, W. H. Yuan, Y. H. Sang,
L. Han, S. H. Wang and H. Liu, Wireless localized electrical
stimulation generated by an ultrasound-driven piezoelec-
tric discharge regulates proinflammatory macrophage
polarization, Adv. Sci., 2021, 8(13), 2100962.

This journal is © The Royal Society of Chemistry 2022

575

576

577

578

579

580

581

582

583

584

585

586

587

588

View Article Online

Chem Soc Rev

T. Iskratsch, H. Wolfenson and M. P. Sheetz, Appreciating
force and shape - the rise of mechanotransduction in cell
biology, Nat. Rev. Mol. Cell Biol., 2014, 15(12), 825-833.

L. C. Kloth, Electrical stimulation technologies for wound
healing, Adv. Wound Care, 2014, 3(2), 81-90.

B. Reid and M. Zhao, The electrical response to injury:
molecular mechanisms and wound healing, Adv. Wound
Care, 2014, 3(2), 184-201.

S. Ud-Din and A. Bayat, Electrical stimulation and cuta-
neous wound healing: a review of clinical evidence, Health-
care, 2014, 2(4), 445-467.

R. Augustine, P. Dan, A. Sosnik, N. Kalarikkal, N. Tran,
B. Vincent, S. Thomas, P. Menu and D. Rouxel, Electro-
spun poly(vinylidene fluoride-trifluoroethylene)/zinc oxide
nanocomposite tissue engineering scaffolds with
enhanced cell adhesion and blood vessel formation, Nano
Res., 2017, 10(10), 3358-3376.

M. Q. Wu, Z. Y. Zhang, Z. R. Liu, ]J. M. Zhang, Y. L. Zhang,
Y. M. Ding, T. Huang, D. L. Xiang, Z. Wang, Y. J. Dai,
X. Y. Wan, S. B. Wang, H. L. Qian, Q. J. Sun and L. L. Li,
Piezoelectric nanocomposites for sonodynamic bacterial elim-
ination and wound healing, Nano Today, 2021, 37, 101104.
G. G. Genchi, L. Ceseracciu, A. Marino, M. Labardi,
S. Marras, F. Pignatelli, L. Bruschini, V. Mattoli and
G. Ciofani, P(VDF-TrFE)/BaTiO; nanoparticle composite
films mediate piezoelectric stimulation and promote dif-
ferentiation of SH-SY5Y neuroblastoma cells, Adv. Health-
care Mater., 2016, 5(14), 1808-1820.

Y. S. Lee and T. L. Arinzeh, The influence of piezoelectric
scaffolds on neural differentiation of human neural stem/
progenitor cells, Tissue Eng., Part A, 2012, 18(19-20),
2063-2072.

Y. Liu, G. Dzidotor, T. T. Le, T. Vinikoor, K. Morgan, E. J.
Curry, R. Das, A. McClinton, E. Eisenberg, L. N. Apuzzo,
K. T. M. Tran, P. Prasad, T. J. Flanagan, S. W. Lee,
H. M. Kan, M. T. Chorsi, K. W. H. Lo, C. T. Laurencin
and T. D. Nguyen, Exercise-induced piezoelectric stimula-
tion for cartilage regeneration in rabbits, Sci. Transl. Med.,
2022, 14(627), eabi7282.

J. C. Stachowiak, M. G. von Muhlen, T. H. Li, L. Jalilian,
S. H. Parekh and D. A. Fletcher, Piezoelectric control of
needle-free transdermal drug delivery, J. Controlled Release,
2007, 124(1-2), 88-97.

Q. Cui, C. Liu and X. F. Zha, Study on a piezoelectric
micropump for the controlled drug delivery system, Micro-
fluid. Nanofluid., 2006, 3(4), 377-390.

K. Junwu, Y. Zhigang, P. Taijiang, C. Guangming and
W. Boda, Design and test of a high-performance piezo-
electric micropump for drug delivery, Sens. Actuators, A,
2005, 121(1), 156-161.

B. Ma, S. Liu, Z. Gan, G. Liu, X. Cai, H. Zhang and Z. Yang,
A PZT insulin pump integrated with a silicon microneedle
array for transdermal drug delivery, Microfluid. Nanofluid.,
2006, 2(5), 417-423.

B. L. Sun, X. Li, R. Zhao, H. Ji, J. Qiu, N. Zhang, D. Y. He
and C. Wang, Electrospun poly(vinylidene fluoride)-zinc

Chem. Soc. Rev., 2022, 51, 3380-3435 | 3433


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Chem Soc Rev

589

590

591

592

593

594

595

596

597

598

599

600

3434 |

oxide hierarchical composite fiber membrane as piezo-
electric acoustoelectric nanogenerator, J. Mater. Sci.,
2019, 54(3), 2754-2762.

J. Jang, J. Lee, S. Woo, D. ]. Sly, L. J. Campbell, J. H. Cho,
S.J. O’Leary, M. H. Park, S. Han, J. W. Choi, J. H. Jang and
H. Choi, A microelectromechanical system artificial basilar
membrane based on a piezoelectric cantilever array and its
characterization using an animal model, Sci. Rep., 2015,
5, 12447,

J. H. Han, K. M. Bae, S. K. Hong, H. Park, J.-H. Kwak,
H. S. Wang, D. ]J. Joe, J. H. Park, Y. H. Jung, S. Hur,
C. D. Yoo and K. ]J. Lee, Machine learning-based self-
powered acoustic sensor for speaker recognition, Nano
Energy, 2018, 53, 658-665.

J. H. Han, J.-H. Kwak, D. J. Joe, S. K. Hong, H. S. Wang,
J. H. Park, S. Hur and K. J. Lee, Basilar membrane-inspired
self-powered acoustic sensor enabled by highly sensitive
multi tunable frequency band, Nano Energy, 2018, 53,
198-205.

H. S. Wang, S. K. Hong, J. H. Han, Y. H. Jung, H. K. Jeong,
T. H. Im, C. K. Jeong, B.-Y. Lee, G. Kim, C. D. Yoo and
K. J. Lee, Biomimetic and flexible piezoelectric mobile
acoustic sensors with multiresonant ultrathin structures
for machine learning biometrics, Sci. Adv., 2021,
7(7), eabe5683.

M. L. Kringelbach, N. Jenkinson, S. L. Owen and T. Z. Aziz,
Translational principles of deep brain stimulation, Nat.
Rev. Neurosci., 2007, 8(8), 623-635.

L. Xu, S. R. Gutbrod, Y. Ma, A. Petrossians, Y. Liu,
R. C. Webb, J. A. Fan, Z. Yang, R. Xu, J. J. Whalen, III,
J. D. Weiland, Y. Huang, I. R. Efimov and J. A. Rogers,
Materials and fractal designs for 3D multifunctional inte-
gumentary membranes with capabilities in cardiac electro-
therapy, Adv. Mater., 2015, 27(10), 1731-1737.

Q. Li, T. Lu, C. Zhang, M. R. Hansen and S. Li, Electrical
stimulation induces synaptic changes in the peripheral
auditory system, J. Comp. Neurol., 2020, 528(6), 893-905.
D. Seo, R. M. Neely, K. Shen, U. Singhal, E. Alon,
J. M. Rabaey, J. M. Carmena and M. M. Maharbiz, Wireless
recording in the peripheral nervous system with ultrasonic
neural dust, Neuron, 2016, 91(3), 529-539.

S. Masimukku, Y.-C. Hu, Z.-H. Lin, S.-W. Chan, T.-M. Chou
and J. M. Wu, High efficient degradation of dye molecules
by PDMS embedded abundant single-layer tungsten dis-
ulfide and their antibacterial performance, Nano Energy,
2018, 46, 338-346.

Y. Wang, X. Wen, Y. Jia, M. Huang, F. Wang, X. Zhang,
Y. Bai, G. Yuan and Y. Wang, Piezo-catalysis for nondes-
tructive tooth whitening, Nat. Commun., 2020, 11(1), 1328.
P. Zhu, Y. Chen and J. Shi, Piezocatalytic tumor therapy by
ultrasound-triggered and BaTiOs;-mediated piezoelectri-
city, Adv. Mater., 2020, 32(29), 2001976.

M. Ge, D. Xu, Z. Chen, C. Wei, Y. Zhang, C. Yang, Y. Chen,
H. Lin and ]. Shi, Magnetostrictive-piezoelectric-triggered
nanocatalytic tumor therapy, Nano Lett., 2021, 21(16),
6764-6772.

Chem. Soc. Rev,, 2022, 51, 3380-3435

601

602

603

604

605

606

607

608

609

610

611

612

613

View Article Online

Review Article

Z. Li, T. Zhang, F. Fan, F. Gao, H. Ji and L. Yang, Piezo-
electric materials as sonodynamic sensitizers to safely
ablate tumors: a case study using black phosphorus,
J. Phys. Chem. Lett., 2020, 11(4), 1228-1238.

Y. Wang, Y. Xu, S. Dong, P. Wang, W. Chen, Z. Ly, D. Ye,
B. Pan, D. Wu, C. D. Vecitis and G. Gao, Ultrasonic
activation of inert poly(tetrafluoroethylene) enables piezo-
catalytic generation of reactive oxygen species, Nat. Com-
mun., 2021, 12(1), 3508.

Q. Truong Hoang, V. Ravichandran, T. G. Nguyen Cao,
J. H. Kang, Y. T. Ko, T. L. Lee and M. S. Shim, Piezoelectric
Au-decorated ZnO nanorods: ultrasound-triggered genera-
tion of ROS for piezocatalytic cancer therapy, Chem. Eng. J.,
2022, 435, 135039.

P. Wang, Q. Tang, L. Zhang, M. Xu, L. Sun, S. Sun, J. Zhang,
S. Wang and X. Liang, Ultrasmall barium titanate nano-
particles for highly efficient hypoxic tumor therapy via
ultrasound triggered piezocatalysis and water splitting,
ACS Nano, 2021, 15, 11326-11340.

Y. Dong, S. Dong, B. Liu, C. Yu, J. Liu, D. Yang, P. Yang and
J. Lin, 2D piezoelectric Bi;M0Og nanoribbons for gsh-
enhanced sonodynamic therapy, Adv. Mater., 2021,
33(51), 2106838.

X. Huang, Q. Qin, X. Wang, H. Xiang, J. Zheng, Y. Lu, C. Lv,
K. Wu, L. Yan, N. Wang, C. Xia and Z. L. Wang, Piezo-
electric nanogenerator for highly sensitive and synchro-
nous multi-stimuli sensing, ACS Nano, 2021, 15(12),
19783-19792.

M. L. Zhu, Q. F. Shi, T. Y. Y. He, Z. R. Yi, Y. M. Ma, B. Yang,
T. Chen and C. Lee, Self-powered and self-functional
cotton sock using piezoelectric and triboelectric hybrid
mechanism for healthcare and sports monitoring, ACS
Nano, 2019, 13(2), 1940-1952.

K. Song, R. Zhao, Z. L. Wang and Y. Yang, Conjuncted
pyro-piezoelectric effect for self-powered simultaneous
temperature and pressure sensing, Adv. Mater., 2019,
31(36), 1902831.

S. Wang, Z. L. Wang and Y. Yang, A one-structure-based
hybridized nanogenerator for scavenging mechanical and
thermal energies by triboelectric-piezoelectric-pyroelectric
effects, Adv. Mater., 2016, 28(15), 2881-2887.

C. Yoon, S. Ippili, V. Jella, A. M. Thomas, J.-S. Jung, Y. Han,
T.-Y. Yang, S.-G. Yoon and G. Yoon, Synergistic contribu-
tion of flexoelectricity and piezoelectricity towards a
stretchable robust nanogenerator for wearable electronics,
Nano Energy, 2022, 91, 106691.

B. Zhang, J. Chen, L. Jin, W. Deng, L. Zhang, H. Zhang,
M. Zhu, W. Yang and Z. L. Wang, Rotating-disk-based
hybridized electromagnetic-triboelectric nanogenerator
for sustainably powering wireless traffic volume sensors,
ACS Nano, 2016, 10(6), 6241-6247.

K. Y. Chun, Y. J. Son, E. S. Jeon, S. Lee and C. S. Han, A self-
powered sensor mimicking slow- and fast-adapting cuta-
neous mechanoreceptors, Adv. Mater., 2018, 30(12), 1706299.
M. Mariello, L. Fachechi, F. Guido and M. De Vittorio,
Conformal, ultra-thin skin-contact-actuated hybrid piezo/

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1cs00858g

Published on 30 March 2022. Downloaded by University of California- Los Angeles on 5/11/2022 12:31:12 AM.

Review Article

614

615

616

triboelectric wearable sensor based on AIN and parylene-
encapsulated elastomeric blend, Adv. Funct. Mater., 2021,
31(27), 2101047.

J. Zheng, Z. Yu, Y. Wang, Y. Fu, D. Chen and H. Zhou,
Acoustic core-shell resonance harvester for application of
artificial cochlea based on the piezo-triboelectric effect,
ACS Nano, 2021, 15(11), 17499-17507.

Z. F. Chen, Z. Wang, X. M. Li, Y. X. Lin, N. Q. Luo,
M. Z. Long, N. Zhao and ]. B. Xu, Flexible piezoelectric-
induced pressure sensors for static measurements based
on nanowires/graphene heterostructures, ACS Nano, 2017,
11(5), 4507-4513.

M. Ha, S. Lim, J. Park, D. S. Um, Y. Lee and H. Ko,
Bioinspired interlocked and hierarchical design of
ZnO nanowire arrays for static and dynamic pressure-
sensitive electronic skins, Adv. Funct. Mater., 2015,
25(19), 2841-2849.

This journal is © The Royal Society of Chemistry 2022

617

618

619

620

621

View Article Online

Chem Soc Rev

J. Park, M. Kim, Y. Lee, H. S. Lee and H. Ko, Fingertip skin-
inspired microstructured ferroelectric skins discriminate
static/dynamic pressure and temperature stimuli, Sci. Adv.,
2015, 1(9), €1500661.

G. Chen, Y. Fang, X. Zhao, T. Tat and J. Chen, Textiles for
learning tactile interactions, Nat. Electron., 2021, 4(3), 175-176.
X. Zhou, W. Liang, K. I. K. Wang, H. Wang, L. T. Yang and
Q. Jin, Deep-learning-enhanced human activity recogni-
tion for internet of healthcare things, IEEE Internet Things,
2020, 7(7), 6429-6438.

B. Shih, D. Shah, J. Li, T. G. Thuruthel, Y.-L. Park, F. Iida,
Z. Bao, R. Kramer-Bottiglio and M. T. Tolley, Electronic
skins and machine learning for intelligent soft robots, Sci.
Robot., 2020, 5(41), eaaz9239.

X. Xiao, Y. Fang, X. Xiao, J. Xu and ]. Chen, Machine-
learning-aided self-powered assistive physical therapy
devices, ACS Nano, 2021, 15(12), 18633-18646.

Chem. Soc. Rev., 2022, 51, 3380-3435 | 3435


https://doi.org/10.1039/d1cs00858g

	CrossMarkLinkButton: 


