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Piezoelectric Hydrogels: Hybrid Material Design, Properties,
and Biomedical Applications

Chi Zhang, Sun Hwa Kwon, and Lin Dong*

Hydrogels show great potential in biomedical applications due to their
inherent biocompatibility, high water content, and resemblance to the
extracellular matrix. However, they lack self-powering capabilities and often
necessitate external stimulation to initiate cell regenerative processes. In
contrast, piezoelectric materials offer self-powering potential but tend to
compromise flexibility. To address this, creating a novel hybrid biomaterial of
piezoelectric hydrogels (PHs), which combines the advantageous properties
of both materials, offers a systematic solution to the challenges faced by these
materials when employed separately. Such innovative material system is
expected to broaden the horizons of biomedical applications, such as
piezocatalytic medicinal and health monitoring applications, showcasing its
adaptability by endowing hydrogels with piezoelectric properties. Unique
functionalities, like enabling self-powered capabilities and inducing electrical
stimulation that mimics endogenous bioelectricity, can be achieved while
retaining hydrogel matrix advantages. Given the limited reported literature on
PHs, here recent strategies concerning material design and fabrication,
essential properties, and distinctive applications are systematically discussed.
The review is concluded by providing perspectives on the remaining
challenges and the future outlook for PHs in the biomedical field. As PHs
emerge as a rising star, a comprehensive exploration of their potential offers
insights into the new hybrid biomaterials.

1. Introduction

Over the past several decades, biomaterials have been revolu-
tionizing the discipline of biomedical engineering by instigating
the restoration and recovery of the biological function of a pa-
tient’s damaged tissues or organs for use in crucial applications
such as tissue engineering.[1–9] In recent years, the trajectory for
human discovery and development has shifted towards a rapid
progress towards technological advancement. This has led to a
pressing need for biomaterials with structures resembling bio-
logical tissues, capable of exhibiting novel and multifunctional
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properties. These materials aim to facilitate
the fabrication process and enhance appli-
cability in the biomedical field.[10–13] Com-
monly used materials exhibit some but not
all the properties, and as such, the resulting
biomedically engineered device can consist
of various functional components to estab-
lish multifunctionality, which can result in
making the device bulky, rigid, and not con-
formable to the human body. To address
such challenges, a novel material system
termed as the piezoelectric hydrogel (PH)
has been developed to integrate various de-
sirable properties for use in biomedical ap-
plications. This hybrid biomaterial has sig-
nificant advantages that demonstrate multi-
ple functions, which expand the range of ap-
plications to include cell regenerative tech-
niques and health monitoring processes.
Additionally, the PH-based device safely de-
livers robust cellular structural support and
long-term solutions by exhibiting flexibil-
ity, biocompatibility, and even biodegrad-
ability while also enabling self-induced elec-
trical stimulation that mimics endogenous
bioelectricity, henceforth systematically pre-
sented in this review.[14,15]

For biomedical applications, hydrogels
are commonly employed biomaterials that

are soft, flexible, and biocompatible, and they can also maintain
high water contents, which allow them to achieve a strong sim-
ilarity to the extracellular matrix (ECM).[16–20] Additional advan-
tageous properties, such as tunable biodegradability and bioad-
hesion, make them excellent cell carriers/matrices and delivery
vehicles for biomolecules and drugs as well, with the ability to
retain drugs for an extended period of time before delivering
them to the target location within the body.[16,21–23] Furthermore,
through nanomaterial functionalization, hydrogels can achieve
responsiveness to various stimuli such as pH, temperature, mag-
netic fields, and chemical stimuli.[16–23] However, despite having
such responsiveness, traditional and pristine hydrogels are in-
capable of providing stimuli on their own without an additional
functional component and are unable to solely initiate regenera-
tive processes like cell regeneration, which requires endogenous
bioelectric stimulation.[24–27] Additionally, most biomedical de-
vices that use pristine hydrogels as their functional material re-
quire a separate power source for operation, consequently mak-
ing the overall device rigid and bulky. In contrast, piezoelectric
materials are another class of materials that can be utilized in a
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variety of engineering disciplines, including the biomedical en-
gineering field, due to their unique ability to convert mechanical
stress into electricity.[28–30] Piezoelectric materials are mainly cat-
egorized into ceramics, single crystals, and polymers, with each
category having its own advantages and disadvantages. Piezoelec-
tric ceramics such as barium titanate (BTO) demonstrate excel-
lent piezoelectric and dielectric properties; however, these ceram-
ics are very rigid, brittle, and are not completely biosafe.[31–33] For
piezoelectric single crystals, their crystallographic axes govern
the material quality and initial material purity, but single crys-
tals display a wide range of piezoelectricity, with quartz display-
ing weaker piezoelectric properties when compared to piezoelec-
tric ceramics whereas lead magnesium niobate-lead titanate dis-
plays much higher piezoelectricity.[28,34] As for piezoelectric poly-
mers such as poly(vinylidene fluoride) (PVDF), they are flexible,
lightweight, and biocompatible, which are all desirable properties
in the biomedical field.[35–38] When compared to their ceramic
counterparts, however, they display weaker piezoelectric proper-
ties. Overall, piezoelectric materials are generally more rigid and
not as flexible when compared to hydrogels that are more com-
monly employed in biomedical applications, and not all piezo-
electric materials are biocompatible, making it particularly diffi-
cult for pristine piezoelectric materials to be utilized in biomed-
ical applications. Hence, they commonly require further design
strategies or integration with other materials to take full advan-
tage of their piezoelectric properties in the field.[39–43]

In light of this, the development of a novel hybrid material
system by combining both hydrogels and piezoelectricity is of
great interest to the field as an emerging new material due to
the integration of the advantageous properties of both classes
of materials. The highly tunable performance of PHs can real-
ize specific functions, such as self-inducing electrical stimula-
tion that mimics endogenous bioelectricity at localized areas to
initiate cell regenerative processes and self-powering the over-
all device. They also simultaneously retain the properties of the
overall hydrogel matrix, like inherent biocompatibility, tunable
biodegradability, and excellent flexibility. Furthermore, PHs con-
tribute to a broader range of applicability to include piezocat-
alytic medicine alongside tissue engineering and health moni-
toring applications. This new application within the biomedical
field relies on the ability of hybridized piezoelectric materials to
release free electrons under a strain state to generate reactive oxy-
gen species (ROS) for cancer or antibacterial therapeutical pur-
poses while piezoelectric materials alone have difficulty acting
as the sole medicinal carriers.[44–48] As such, PHs have demon-
strated immense potential and capability in the biomedical field
by integrating two separate material classes of pristine hydrogels
and pristine piezoelectric materials by endowing hydrogels with
piezoelectric properties. Despite showing such promise within
this field, it is not yet widely studied and many challenges exist,
such as complex pre-processing techniques and insufficient bio-
electrical stimulation. Moreover, the overall flexibility of PHs is
determined by the flexibility of the hydrogel matrix whereas the
piezoelectricity of PHs is contingent on the quantity of integrated
piezoelectric materials. Thus, it is crucial to strike a good balance
to effectively harness the advantageous properties of both mate-
rials. Therefore, a deeper understanding of this hybrid class of
materials is imperative to advance and promote the utilization of
PHs in biomedical applications. To the best of the authors’ knowl-

edge, the topic of this emerging new biomaterial is lacking com-
prehensive understanding.
In this review, we highlight recent advances in PHs, herein

categorized into natural biopolymer hydrogels and synthetic poly-
mer hydrogels, and their applications in the biomedical engineer-
ing field, which is consequently summarized in Figure 1. We be-
gin by discussing the recent strategies for material design and
fabrication of PHs, either based on natural biopolymer hydrogels
or synthetic polymer hydrogels. Then, the properties of PHs that
are crucial to the biomedical engineering field are explored, such
as the piezoelectricity, flexibility, biocompatibility, and biodegrad-
ability. Next, specific applications utilizing PHs within the field
are reviewed in great detail, in which the use of PHs is cate-
gorized into wound healing and tissue regeneration, piezocat-
alytic medicine, and health and motion monitoring. Lastly, we
conclude by providing a summary of perspectives regarding PH
composites that are used in the biomedical engineering field. Be-
yond these discussions, this review emphasizes the advantages of
employing this innovative material system over each individual
class of materials separately. The scope of this review emphasizes
the potentiality of PHs, which can facilitate new discussions and
research to further progress the use of this novel hybrid material
system.

2. Design Strategies and Fabrication Methods of
Piezoelectric Hydrogels

The realization of PHs relies on the rational design of introduc-
ing piezoelectric materials into a hydrogel matrix. In most cir-
cumstances, piezoelectric components are not directly involved
in the crosslinking of hydrogels. Therefore, achieving success-
ful interactions between piezoelectric components and hydrogel
polymer chains are of great importance to integrate them into
3D-interconnected networks. Through the combination of dif-
ferent piezoelectric materials and hydrogel systems, a variety of
PHs can be developed with desired formats and structures. Here,
we classify the design of PHs into two categories based on the
utilized hydrogel matrix: natural biopolymer hydrogels and syn-
thetic polymer hydrogels.

2.1. Utilizing Natural Biopolymer Hydrogels

Natural biopolymer hydrogels have attracted great interest in
biomedical applications such as tissue regeneration, drug de-
livery, and medical implants due to their inherent biocompati-
bility and close resemblance to the ECM.[49–55] In addition, be-
cause of the intrinsic asymmetry in crystal structures that give
rise to the piezoelectric effect, the majority of natural biopoly-
mers exhibit significant potential for PH fabrication. For exam-
ple, one of the most common natural biopolymers favorable
for PH fabrication is silk fibroin (SF), which can be easily de-
rived from silkworm, spiders, or other sources in nature. Ow-
ing to its naturally superior biocompatibility and biodegradabil-
ity, SF has been widely studied as an environmentally friendly
“green” biopolymer.[56–59] Although the composition of SF ob-
tained from different species differs, the different types of SFs
share similar structures, i.e., long amino acid chains consisting
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Figure 1. A schematic overview of the PH material system regarding the design strategies, key properties, and its utilization in the field of biomedical
applications.

of repetitive crystalline hydrophobic domains and noncrystalline
hydrophilic domains, which form secondary structures includ-
ing 𝛼-helices, 𝛽-sheets, and random coils.[60] Among those sec-
ondary structures, the highly crystalline 𝛽-sheets are formed be-
tween hydrophobic domains through multiple interactions such
as hydrogen bonds, van der Waals forces, and hydrophobic in-
teractions, contributing to remarkable mechanical robustness of
SF.[61] Moreover, the 𝛽-sheet structure endows SF with intrin-
sic piezoelectricity (d14 ≈ −1.5 pC N−1) depending on its 𝛽-sheet
crystallinity and crystalline orientation,[62] making it a promis-
ing candidate for developing biopolymer-based PHs. The gela-
tion of SF is generally through inter- or intra-molecular interac-
tions of the long SF molecular chains, including hydrophobic in-
teractions and hydrogen bonding, which crosslink those molec-
ular chains. When external factors, such as electric fields,[63] UV
irradiation,[64] and ultrasonic treatment,[65] are applied, they fa-
cilitate the interactions between the SF molecular chains, thus
leading to a rapid crosslinking of these chains, through which
SF hydrogels are obtained. Additionally, those external factors
have been proven to promote the structure transition from ran-
dom coils to 𝛽-sheets, resulting in excellent mechanical stability
as well as effective piezoelectric response of SF hydrogels.[56,60]

Different fabrication methods have been reported to develop
natural biopolymer hydrogels, such as SF hydrogels. For exam-
ple, Chouhan et al. developed SF hydrogel formulation by incu-
bating a blend solution of two different SF proteins at 37 °C.[66]

In this approach, Bombyx mori SF (BmSF) and Antheraea assama
SF (AaSF), isolated from two sources, weremixed together to trig-
ger the self-assembly of SF molecular chains to produce a highly
crosslinked SF hydrogel with the formation of 𝛽-sheet structures,
as shown in Figure 2a. The mechanism of the self-assembly be-
tween two SF molecular chains was investigated. Briefly, BmSF
and AaSF had variations in hydrophobicity and hydrophilicity
due to their different amino acid sequences, which attributed to
the inherent self-assembly between them.With the synergistic ef-
fect of hydrophobic interaction and hydrogen bonding, the trans-
parent blend solution eventually transformed into an opaque
hydrogel. In another research, a binary-solvent-induced confor-
mation transition (BSICT) method for preparing SF hydrogels
was reported.[67] The formation of SF hydrogel was induced by
sequentially adding two different solvents to pristine SF. Such
BSICT-SF hydrogels were prepared into versatile 3D shapes
with different material formats, which was colored through
blending with different inorganic and organic dyes. Moreover,
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Figure 2. Material design strategies for PHs by utilizing a,b) natural biopolymer hydrogels and c–e) synthetic polymer hydrogels. a) Schematic for-
mulation of the SF hydrogel through a self-assembly approach. Reproduced with permission.[66] Copyright 2018, Wiley. b) Illustration of the design
of SF/ZnONRs hydrogel and its piezoelectric mechanism. Reproduced with permission.[68] Copyright 2020, Elsevier. c) Formulation process of the
PAN-PVDF hydrogel. Reproduced with permission.[75] Copyright 2019, American Chemical Society. d) The fabrication process of the BTO composite
hydrogel film. Reproduced with permission.[76] Copyright 2022, American Chemical Society. e) Development of a Janus PH patch by 3D printing method.
Reproduced with permission.[77] Copyright 2023, AAAS.

SF-based composite hydrogels can be developed by introducing
inorganic piezoelectric materials into the SF solution. For exam-
ple, Gogurla et al. reported a nanocomposite PH comprised of
SF and zinc oxide nanorods (ZnONRs).[68] The SF/ZnONRs hy-
drogel was formed via a simple solution casting process, dur-
ing which SF molecular chains and ZnONRs were intercon-
nected (Figure 2b). SF 𝛽-sheets and ZnONRs were able to gener-
ate piezoelectric potential resulting from individual dipole move-
ments under mechanical stress. For the composite hydrogel sys-
tem, coupled dipolemovements occurred due to the piezoelectric
coupling effect and ultimately contributed to an increased piezo-
electric field.
In addition to SF, other natural biopolymers, such as chitin,[69]

chitosan,[70] collagen,[71] and bacterial cellulose,[72] have also been
reported for PHdevelopment. Due to their intrinsic piezoelectric-
ity, PHs can be obtained from those biopolymers simply through
self-assembly or sol-gel process without using other piezoelec-
tric materials. Natural biopolymer-based PHs are favorable for
biomedical engineering applications, since they are directly de-
rived from living organisms and can be naturally compatible
with biological tissues without causing immune rejection.[73]

Another significant advantage of using natural biopolymers for
PH fabrication is to utilize their biodegradability. For example,
the biodegradation rate of SF can be programmed to be con-
trolled from hours to years by changing the external factors to
adjust its 𝛽-sheet content and the organization degree of amor-
phous domains.[74] Moreover, the gelation of these biopolymers
usually relies on inter- or intra-molecular interactions to form

physical crosslinks and no additional crosslinking agents are re-
quired in this process, thus effectively avoiding the introduction
of toxic or difficult-to-degrade chemical components. However,
despite such advantages, the development of natural biopolymer-
based PHs is still hindered by their relatively low piezoelectric-
ity, random piezoelectric phase orientation, and complex pre-
processing. While the introduction of other piezoelectric materi-
als provides a feasible option, achieving effective interactions be-
tween those materials and biopolymers, which are essential for a
composite hydrogel system, proves to be challenging. Therefore,
future efforts will be directed toward emphasizing these aspects
for the development of composite hydrogel systems.

2.2. Utilizing Synthetic Polymer Hydrogels

In addition to natural polymer hydrogels, synthetic polymer
hydrogels have been extensively studied due to their high
gelation strength, long lifespan, ease of processing, and good
adaptability.[78,79] In order to cater to specific requirements for
various applications, significant efforts have been made in the
development of functionalized hydrogels based on synthetic poly-
mers such as polyacrylamide (PAM), polyacrylonitrile (PAN), and
polyvinyl alcohol (PVA).[80–84] By combining piezoelectric materi-
als with those polymers in a hydrogel matrix, PHs can be eas-
ily fabricated with designed compositions and structures. Unlike
physically crosslinked biopolymer-based PHs, those developed
from synthetic polymers typically employ chemical crosslinking
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methods that hinge on the bonding between hydrogel polymer
chains. To create such chemical crosslinking, crosslinking agents
carrying functional groups are introduced to react with certain
functional groups on the polymer chains, thus serving as bridges
to connect those polymer chains. Furthermore, it is possible to
introduce specific interactions between hydrogel polymer chains
and piezoelectric components to achieve a homogeneous com-
posite system.
So far, both organic and inorganic piezoelectric materials have

been incorporated as the piezoelectric functional components
of synthetic polymer-based PHs. PVDF is the most widely used
piezoelectric polymer because of its relatively high piezoelec-
tric response (d33 = −33 pC N−1), good flexibility, and easy
processing.[85,86] The challenge of introducing PVDF into a hy-
drogel comes from its natural hydrophobic nature, which makes
it hard to be stabilized in a hydrophilic hydrogel matrix. To over-
come such a challenge, polar organic solvents such as dimethyl
sulfoxide (DMSO) can be utilized to provide a homogeneous
organogel matrix, where the crosslinking of PVDF and organogel
polymer chains occurs, and hydrogels can be subsequently ob-
tained through the solvent exchange. For example, Fu et al.
reported the fabrication of a PAN-PVDF hydrogel based on
the DMSO matrix.[75] As shown in Figure 2c, the PAN-PVDF
organogel was first formed in a mixed DMSO solution, where
polymerized PAN was crosslinked by methylenebisacrylamide
(MBA) while PVDF and PAN were combined by dipole–dipole
interaction, and then the PAN-PVDF hydrogel was obtained
through a solvent exchange process. The introduced dipole–
dipole interaction not only helped to stabilize PVDF in the hy-
drogel matrix, but also contributed to a significant increase of
its piezoelectric 𝛽-phase content. In addition, a PVA/PVDF hy-
drogel was developed using similar method, in which PVA and
PVDF were crosslinked in DMSO matrix via strong hydrogen
bonding.[87] After solvent exchange, the hydrogel was further
treated through an annealing-swelling process to promote the
transition of the 𝛼-phase of PVDF to the 𝛽-phase. For inorganic
piezoelectric materials, a promising candidate for synthetic PH
fabrication is BTO, a well-known piezoelectric ceramic with high
piezoelectricity (d33 = 190 pC N−1), good biocompatibility, and
ease of synthesis.[88,89] Currently, remarkable progress has been
achieved in developing synthetic PHs loaded with BTO. For ex-
ample, Wang et al. developed a BTO composite hydrogel film
by introducing BTO nanocubes into a PAM hydrogel.[76] The
PAM chains were chemically crosslinked while no interactions
formed between BTO and PAM, resulting in an asymmetric dis-
tribution of BTO nanocubes on one side of the hydrogel film
(Figure 2d). Similar results were reported in another compos-
ite PH comprised of poly(vinyl pyrrolidone), poly(ethylene gly-
col), and BTO nanoparticles, where the agglomeration of BTO
nanoparticles occurred as the water content of the hydrogel
increased.[90] Typically, BTO nanoparticles are difficult to be uni-
formly dispersed in hydrogel matrix due to their high weight
and lack of interactions with polymer chains. To address this is-
sue, specific interactions between BTO nanoparticles and poly-
mer chains are required. Recently, a multicrosslinked PH com-
posite based on surface-aminated BTO (ABTO) nanoparticles, ox-
idized chondroitin sulfate (OCS), gelatin (Gel), and boric acid
was reported.[91] The surface amino functionalization of BTO im-
proved its dispersibility and meanwhile enabled chemical bond-

ing with OCS chains. Besides the crosslinking formed between
polymer chains, ABTO nanoparticles also acted as crosslinking
sites during hydrogel formation. Such interactions contributed
to a uniform distribution of ABTO nanoparticles in the hydrogel
matrix. While the aforementioned strategies for developing PHs
are based on conventional hydrogel formats, i.e., bulks or films,
PHs can also be fabricated into customized 3D structures by
the 3D printing method using synthetic polymers. For example,
Huang et al. used 3D printing to fabricate a Janus PH patch with
two-layer hydrogel meshes.[77] As shown in Figure 2e, two photo-
crosslinkable layers of methacrylate gelatin (GelMA) hydrogels
and poly(ethylene glycol) diacrylate (PEGDA) hydrogels loaded
with BTO particles were printed under ultraviolet light (UV) ex-
posure to form a UV-crosslinked hydrogel patch, which was sub-
sequently immersed in CaCl2 solution to initiate ionic crosslink-
ing. By combining two types of crosslinking, a Janus PH patch
with excellent mechanical integrity as well as a stable mesh struc-
ture was obtained. In another case, ZnO nanoparticles modified
PVDF/sodium alginate (SA) PH scaffold was developed by utiliz-
ing bioink 3D printing.[25] The bioink, prepared through dissolv-
ing ZnO modified PVDF and SA in water/dimethylformamide
(DMF) co-solvent, was printed into a hydrogel precursor and sub-
sequently crosslinked by Ca2+ to form the PH scaffold.
Overall, the development of PHs can be achieved through the

incorporation of either organic or inorganic piezoelectric materi-
als into synthetic polymer hydrogels. Different strategies can be
adopted to obtain interactions between those piezoelectric com-
ponents and polymer chains within the hydrogel. On one hand,
surface modification techniques can be employed to decorate
piezoelectric particles with a variety of functional groups that
have the ability to form chemical bonding with polymer chains of
the hydrogel. On the other hand, physical interactions such as hy-
drogen bonding and dipole–dipole interaction provide additional
options for designing the polymer chains within the hydrogel.
Furthermore, it is worth noting that 3D printing offers a conve-
nient method to create PHs with tailored 3D structures. This ca-
pability proves challenging to achieve when dealing with hydro-
gels based on natural biopolymers. Hence, the utilization of syn-
thetic polymers opens up multiple avenues for developing PHs
with diverse compositions and structures. Nevertheless, these
fabricated PHs from synthetic polymers are non-biodegradable,
potentially raising concerns about recycling.
In this section, we overview recent development of PHs re-

garding their material designs and fabrication methods and also
highlight their advantages and disadvantages, as summarized in
Table 1. The designs of PHs are classified into two categories
based on the types of hydrogel matrix: natural biopolymers and
synthetic polymers. For natural biopolymer-based PHs, those
polymers not only contribute to the hydrogel networks, but also
serve as piezoelectric functional components due to their inher-
ent piezoelectricity. However, due to the low levels of the in-
herent piezoelectricity, additional piezoelectric components are
often introduced to improve the piezoelectric response, which
might affect the gelation strength of the hydrogel matrix. Such
PHs can be obtained by physical crosslinking through different
and sometimes complex solution processing methods with lit-
tle or no extra chemical usage, thus providing a biological en-
vironment with excellent biocompatibility and high similarity
to the ECM. As for PHs based on synthetic polymers, various
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Table 1. A summary of the material designs and fabrication methods of representative PHs.

Hydrogel matrix Advantages and disadvantages Hydrogel networks Piezoelectric
components

Fabrication methods Crosslinking methods Refs.

Natural biopolymers • Similarity to ECM
• Little or no toxicity
• Biodegradability
• Low gelation strength
• Low piezoelectricity
• Complex processing

SF SF Sol-gel Physical [66]

SF SF, ZnONRs Solution casting Physical [68]

SF SF, BTO Sol-gel Chemical [92]

Chitosan Chitosan Solution casting Physical and chemical [70]

Bacterial cellulose Imidazolium
perchlorate

Incubation and infiltration Physical [72]

Synthetic polymers • High gelation strength
• High piezoelectricity
• Easy processing
• Nonbiodegradability

PAN PVDF Sol-gel and solvent
exchange

Physical and chemical [75]

PAM BTO Sol-gel Chemical [76]

PAN/ PAM PVDF Sol-gel and solvent
exchange

Physical and chemical [93]

PVA PVDF Freezing/thawing and
solvent exchange

Physical [87]

GelMA/ PEGDA BTO 3D printing Chemical [77]

SA PVDF 3D printing Chemical [25]

combinations of the hydrogel matrix and piezoelectric compo-
nents can be developed via a simple sol-gel process or even 3D
printing methods, enabling controllable and scalable fabrication
of PHs. Due to the existence of more crosslinking sites with
the introduced piezoelectric materials, PHs utilizing synthetic
polymers are usually obtained with higher gelation strength and
piezoelectricity. However, those PHs would not be considered
fully biocompatible or biodegradable, whichmay hinder their ap-
plicability in the biomedical field. Ultimately, through rational
design strategies and fabrication methods, the integration of hy-
drogels and piezoelectric materials has been realized in a novel
material system, namely the PHs. It is expected that the PHs will
exhibit multiple combination properties desirable for biomedical
applications.

3. Key Properties of Piezoelectric Hydrogels in
Biomedical Applications

PHs are favorable in the field of biomedical applications owing
to their integrated properties from both hydrogels and piezo-
electric materials (Figure 3). On one hand, hydrogels are flexi-
ble and able to generate reversible deformation under external
pressures while exhibiting excellent biocompatibility and tunable
biodegradability, which make them ideal for wearing or implant-
ing in the body. However, pristine hydrogels are unable to initiate
cell regeneration, a critical aspect for wound healing and tissue
engineering applications, without external stimulation. On the
other hand, piezoelectric materials can generate electrical poten-
tials due to the piezoelectric effect; however, most of these mate-
rials are rigid and have poor deformability, making it challenging
for in vivo applications. Therefore, through integrating hydrogels

and piezoelectric materials in one material system as PHs, the
advantageous properties of each can be combined and utilized in
biomedical applications. First of all, PHs inherit flexibility from
hydrogels and piezoelectricity from piezoelectric materials. The
mechanical-electrical response of PHs is illustrated in Figure 3.
Without stress, the dipoles inside the PH are randomly oriented
and the net dipolemoment is zero, thus no potential is generated.
When an external pressure is applied on the PH, those dipoles
will be aligned along with the deformation of the PH, resulting in
a net dipolemoment change and the generation of a piezoelectric
potential. Once the external pressure is released, the PH recovers
to its original state and those dipoles become randomly oriented
again with the potential difference back to zero. Furthermore,
PHs also exhibit excellent biocompatibility owing to the biocom-
patible nature of hydrogels, ensuring their safe and direct contact
with the human skin or biological tissues. In addition, certain
PHs that utilize natural biopolymers are capable of biodegrada-
tion and show promise for recycling. In this section, we provide a
comprehensive overview and summary of key properties such as
piezoelectricity, flexibility, biocompatibility, and biodegradability,
which are associated with PHs in biomedical applications.

3.1. Piezoelectric Performance of PHs

The intricate nature and diversity of living organisms impose
precise criteria on the piezoelectric performance of PHs in the
context of their applications in biomedical engineering. For ex-
ample, in wound healing applications, the electrical output of
PHs is required to be enough to match the wound’s endogenous
electric field.[94] For motion and health monitoring, PHs work as
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Figure 3. Schematic illustration of the key properties of pristine hydrogel, the piezoelectric material, and the hybrid material (PH) in biomedical appli-
cations. Insets are the schematic illustration of their mechanical-electrical response when subject to external pressure.

sensors to respond to various stimuli such as pressure, pulse, vo-
cal cord vibration, and more, thus converting biological signals
into electrical signals.[30] The majority of stimuli encountered in
daily life exhibit low intensity, leading to minimal mechanical in-
put of PHs. Therefore, the sensitivity of PHs is crucial, necessi-
tating their capability to detect subtle stimuli and generate piezo-
electricity to ensure precise monitoring. Furthermore, the piezo-
electric durability of PHs is also of significant importance. Given
that both biomedical monitoring and treatment are extended pro-
cesses, it is essential for PHs to maintain a consistent and stable
piezoelectric performance over an extended period of time.
Comprehensive studies have been conducted in evaluating the

piezoelectric performance of PHs. For example, Gogurla et al. as-
sembled the SF/ZnONRs hydrogel with two silver nanowire elec-
trodes into a PH device (Figure 4a) and investigated its piezoelec-
tric response.[68] The electrical output of the PH device increased
significantly after introducing ZnONRs into the SF hydrogel due
to the piezoelectric coupling effect between ZnONRs and SF 𝛽-
sheets. By attaching the PH device on a finger, it was able to gen-
erate piezoelectric responses to slight stress changes during fin-
ger bending and relaxing (Figure 4b), which demonstrated the
functionality of the SF/ZnONRs hydrogel as a wearable piezo-
electric device. For composite PHs, the effect of piezoelectric
filler contents on their piezoelectric performance has been fur-
ther studied. For instance, Fu et al. investigated the electrical out-
put of PAN-PVDF hydrogels with different PVDF contents.[75]

As shown in Figure 4c,d, the voltage and current outputs of the
hydrogels enhanced as the PVDF content increased from 0 to
20% while decreasing after reaching 20%. Similar results were
reported in another PVA/PVDF hydrogel, where the electrical
outputs showed opposite trends before and after PVDF content
reached 30%.[87] Such phenomena occurred due to the highmod-
ulus of PVDF (≈3 GPa).[95] With the introduction of PVDF, those
PHs becamemore rigid, resulting in lower strain under the same
mechanical stress, which had a negative impact on their piezo-

electric response. Therefore, a transition point of PVDF content
existed with respect to the piezoelectric performance of those
PHs. This was also reflected in the variation of their piezoelec-
tric constants, as presented in Figure 4e.
In addition to electrical outputs, other important parameters

of the piezoelectric performance of PHs include response time,
sensitivity, and durability. Here, the response time refers to the
time interval for the voltage output to reach ≈90% of the peak
value. Fast response time could significantly enhance the de-
vice’s ability to promptly detect and respond to external stim-
uli, making it highly efficient in real-time applications. Sensi-
tivity is usually determined by the voltage output per unit pres-
sure, which can be calculated from the results of voltage-pressure
curves. Highly sensitive devices could detect even subtle pres-
sure changes, making them ideal for precision measurements
and applications that require high sensitivity and accuracy. Note
that sensitivity can be determined through different methods de-
pending on the matrix used by the researchers. Durability rep-
resents the ability of the material to generate constant electrical
output under long-term cycling tests. Devices demonstrating ex-
cellent durability could maintain optimal performance over ex-
tended periods of usage, ensuring reliability and longevity in var-
ious applications. Taking those parameters into account, PHs
are favorable owing to their high flexibility, mechanical stabil-
ity, and deformability against subtle pressures. For example, a
fast-response and highly sensitive nanocomposite PH (Gel/OCS-
ABTO) was reported recently.[91] As shown in Figure 4f,g, the
Gel/OCS-ABTOhydrogel exhibited a rapid response time (24ms)
and an ultrahigh sensitivity (49.61 mV kPa−1) in the low pressure
range. Typically, the voltage-pressure curve of the PH displayed
a linear regime and a nonlinear regime (Figure 4g). Within the
elastic deformation range of the PH, the voltage increased lin-
early with pressure while gradually reaching a plateau afterwards
due to sharply increased elastic resistance, resulting in a decrease
of sensitivity. The durability of the PH was verified by long-term
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Figure 4. Evaluation of the piezoelectric performance of various PHmaterials. a,b) Piezoelectric response of SF/ZnONRs hydrogels: a) design and digital
image of the SF/ZnONRs hydrogel device; b) voltage outputs of the hydrogel device in response to the finger bending and relaxing. Reproduced with
permission.[68] Copyright 2020, Elsevier. c–e) Piezoelectric performance of PAN-PVDF hydrogels: c) voltage and d) current outputs of the hydrogels with
different PVDF content; e) Piezoelectric constant (d33) of the hydrogels by varying the PVDF content. Reproduced with permission.[75] Copyright 2019,
American Chemical Society. f–h) Piezoelectric performance of Gel/OCS-ABTO hydrogels by evaluating: f) response time; g) sensitivity; h) durability.
Reproduced with permission.[91] Copyright 2023, Elsevier.

operation (>200 times) during which no voltage output attenua-
tion was observed (Figure 4h). The exceptional piezoelectric per-
formance of the reported nanocomposite PHwas attributed to its
highly interconnected and flexible hydrogel networks with excel-
lent piezoelectric response capability.
The detailed piezoelectric performance of recently reported

PHs is summarized in Table 2. In terms of materials, the piezo-
electric performance of PHs is significantly determined by the in-
troduced organic piezoelectric polymers or inorganic piezoelec-
tric nanoparticles. In most cases, there is a transition point for
the piezoelectric component content, where the best piezoelectric
performance of PHs can be obtained. As shown in Table 2, most
PHs have a voltage output in the range of tens to hundreds of
mV and a current output in the order of nA to μA. It is worth not-
ing that the voltage output of the SF/ZnONRs hydrogel reaches
as high as 12.5 V.[68] That can be explained by considering that

both ZnONRs and SF 𝛽-sheets are capable of generating piezo-
electric responses in the PH composite system and meanwhile a
positive piezoelectric coupling effect exists between them. In that
case, the coupled piezoelectric potential generated by superposed
dipole movements would contribute to a significant voltage out-
put. It should also be noted that a high current output of≈1.6mA
was obtained by adding polypyrrole (Ppy) into a gelatin/PVDF hy-
drogel. The introduction of appropriate conductive fillers is ben-
eficial for enhancing the current output of PHs.[96,97] Other pa-
rameters such as sensitivity, response time, and durability should
also be considered according to practical applications. For sensi-
tivity, its unit can be different depending on the characterization
methods.[68,91,93,96] Furthermore, it is crucial to tune the equilib-
rium between the piezoelectric performance and the mechanical
characteristics of PHs as they often compete and require simul-
taneous optimization.
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Table 2. A summary of the piezoelectric performance of recently reported PHs.

PHs Voltage Current Sensitivity Response time Durability Refs.

SF/ZnONRs 12.5 V 0.04 μA ≈320 pC N−1 ≈50 ms >500 cycles [68]

Graphene-SF/tannin ≈5 mV – – – >21 d [98]

PAN-PVDF 18 mV 2.2 μA ≈30 pC N−1 ≈31 ms >1000 cycles [75]

PAN/PAM-PVDF ≈50 mV – ≈3 mV N−1 – >300 cycles [93]

Gelatin/PVDF/Ppy – ≈1.6 mA 32.39 kPa−1 ≈200 ms >5000 cycles [96]

SA/ZnO-PVDF ≈200 mV ≈1.29 μA – – – [25]

Gel/OCS-ABTO 85–90 mV – 49.61 mV kPa−1 24 ms >200 cycles [91]

Bacterial cellulose/ ImClO4 140 mV – 4 mV kPa−1 – >2000 cycles [72]

3.2. Flexibility of PHs

Biomedical devices that utilize hydrogels can be either implanted
in the human body or maintain intimate contact with the hu-
man skin to avoid interference with bodily physiological activi-
ties. Consequently, the flexibility of hydrogels is of particular in-
terest within this field to ensure the functionality and long-lasting
applicability of these devices while simultaneously providing pa-
tient comfort.[99] Despite the advantageous properties of pristine
hydrogels utilized in biomedically engineered devices, those ma-
terials cannot initiate cell regeneration, especially important in
wound healing and tissue engineering applications, without an
external physical stimulation.[24,100–102] Additionally, such devices
are mostly powered with external power sources, which have the
disadvantage of making the overall device bulky and rigid. There-
fore, a solution to address these various issues can be provided
by introducing piezoelectricity to the hydrogel. In general, piezo-
electric materials are highly versatile and can offer significant
functionality across various applications, including the biomed-
ical field.[28–30] However, by themselves, they are generally rigid
and brittle (200MPa–200GPa) compared to the human skin (0.4–
0.9MPa),[39–43] and not all piezoelectric materials are biocompati-
ble. To address this issue, piezoelectric materials typically require
assimilation with other materials or incorporation of structural
designs for acceptable employment in the biomedical field. Thus,
the development of PHs would address the disadvantages of both
hydrogels and piezoelectric materials, in which the piezoelectric
materials serve as the bioelectrical stimulation to initiate cell re-
generative processes and the hydrogel matrix preserves the over-
all device flexibility, all vital considerations that are maintained
and even enhanced when utilized in biomedical applications.
PHs derived from natural biopolymers are of great interest

due to their inherent flexibility, biocompatibility, and biodegrad-
ability. However, most biopolymer hydrogels exhibit brittleness
and suffer from poor load-bearing capabilities.[52,103] Therefore,
achieving excellent flexibility in those natural biopolymer-based
PHs remains a challenge. In Zhu et al. and their research, they
reported a highly compressible and stretchable SF hydrogel ca-
pable of withstanding ≈70% compressive strain and ≈127% ten-
sile strain, which were enabled by the aforementioned BSICT
strategy.[67] Ashby plots of the elastic modulus/strain (Figure 5a)
and hysteresis/elastic modulus (Figure 5b) show that the de-
veloped SF hydrogel is located within the “empty soft material
space,” which is a designated almost-empty space for newly de-
veloped soft biomaterials with elastic moduli ranging from 1

to 100 MPa.[104] The elastic modulus/strain plot (Figure 5a) ar-
ranges commonly used biopolymer hydrogels and other soft bio-
materials as either elastically stretchable with constrained mod-
uli or rigid with low failure strains, in which their SF hydro-
gel reached an elastic modulus of 6.5 ± 0.2 MPa. The hystere-
sis/elastic modulus plot (Figure 5b) classifies the biomaterials
based on how effectively they dissipate energy during the loading-
unloading cycles, with the SF hydrogel absorbing greater than
60% energy at a strain of 20%. Such remarkable results were at-
tributed to the formation of flexible and robust 𝛽-sheets which
directly served as physical crosslinks connecting disparate SF
chains into continuous networks.
For PHs utilizing synthetic polymers, additional piezoelectric

materials are introduced into the hydrogels, which will inevitably
affect their mechanical flexibility. Most organic and inorganic
piezoelectric materials are relatively rigid or brittle compared to
the flexible hydrogelmatrix, and the introduction of thosemateri-
als can affect the crosslinked networks of the hydrogel, which be-
come denser and less homogenous due to physical interactions
between the hydrogel polymer chains and the fillers.[105,106] In-
creasing contents of piezoelectric components will correspond-
ingly increase the density and the inhomogeneity of the PH net-
works, thus leading to decreased mechanical flexibility. Fu et al.
investigated the effect of PVDF content on themechanical behav-
ior of the PAN-PVDF hydrogel.[75] Although the tensile strength
of the PAN-PVDF hydrogel increased with increasing PVDF con-
tent, a significant decrease in its tensile strain was observed
(Figure 5c). It was also found that the compressive stress of the
hydrogel increased sharply with the compressive strain when the
PVDF content reached above 20%, which means a greater force
is required to deform the hydrogel, potentially leading to a de-
crease in its piezoelectric sensitivity. Figure 5d also shows an in-
crease in tensile strength and decrease in elongation at break
of the PAN-PVDF hydrogels. This demonstrates a reduction in
flexibility as the PVDF content increases. Despite such results,
their hydrogels still exhibited low Young’s modulus values (1.33–
4.24 MPa) comparable to that of the human skin (Figure 5e).
Wang et al. reported a PVA/PVDF hydrogel where a decrease in
stretchability was observed with an increasing PVDF content.[87]

Those reported results are consistent with the general case of a
composite hydrogel system, where structural inhomogeneity oc-
curs due to the inclusion of additional fillers. However, inconsis-
tent behavior was observed in a recently reported nanocomposite
PH (Gel/OCS-ABTO), where overall enhanced flexibility was ob-
served by introducing functionalized BTO nanoparticles into a
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Figure 5. Evaluation of the mechanical performance of various PH materials. a,b) Ashby plots of various soft biomaterials: a) elastic modulus/strain; b)
hysteresis/elastic modulus. Reproduced with permission.[67] Copyright 2018, Wiley. c–e) Mechanical performance of PAN/PVDF hydrogels: c) stress–
strain curves; d) tensile strength and elongation curves; e) Young’s modulus of the hydrogels with various PVDF concentrations. Reproduced with
permission.[75] Copyright 2019, American Chemical Society. f–h) Mechanical performance of Gel/OCS-ABTO hydrogels: f) digital image demonstrat-
ing the 225% stretchability; g) stress–strain curves and h) Young’s modulus of the hydrogels with various ABTO concentrations. Reproduced with
permission.[91] Copyright 2020, Elsevier.

Gel/OCS hydrogel.[91] In contrast to the typical behavior, intro-
ducing the BTO nanoparticles actually increased the stretchabil-
ity of the hydrogel, with the highest strain of 225% obtained at
3% BTO content (Figure 5f). At further increased BTO content,
the tensile strain started to decrease since the composite pre-
polymerized liquid was too viscous and potentially led to fewer
areas that contributed in crosslinking (Figure 5g). Although the
Young’s modulus of the hydrogels also increased with BTO con-
tents, it still remained at low levels (<250 KPa) (Figure 5h). In
their work, introducing ABTO nanoparticles not only established
a piezoelectric response but also acted as partial crosslinking sites
to enhance the flexibility of the hydrogel.
The key mechanical performance of PHs, including their

tensile/compressive strength, tensile/compressive strain, and
Young’s modulus, are summarized in Table 3. The hydrogel

matrix predominantly influences the mechanical characteris-
tics of PHs. Overall, the reported PHs based on both natural
biopolymers and synthetic polymers exhibit stretchability or
compressibility with low Young’s modulus values in the soft and
flexible material range (kPa–MPa),[107] ensuring applicability
in the biomedical field. Nevertheless, significant differences in
their flexibility can still be observed by comparing specific ten-
sile/compressive strength and strain. Typically, PHs developed
from synthetic polymer hydrogels are able to withstand higher
tensile or compressive strain with higher tensile or compressive
strength compared to those based on natural biopolymer hydro-
gels, indicating higher flexibility. This can be explained by the fact
that synthetic polymer hydrogels usually have more crosslinking
sites and higher gelation strength than that of natural biopoly-
mer hydrogels. Moreover, crosslinking networks also play a
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Table 3. A summary of the mechanical performance of PHs.

Hydrogel matrix PHs Tensile/compressive strength Tensile/compressive strain Young’s modulus Refs.

Natural biopolymers SF ≈0.56 MPa/≈1.6 MPa ≈127%/≈70% ≈2.6 MPa [67]

SF/ZnONRs 6.6 kPa/- 28%/- – [68]

Gel/OCS-ABTO 43 kPa/≈200 kPa 225%/80% ≈190 kPa [91]

Collagen -/≈210 kPa -/≈80% ≈960 kPa [108]

Synthetic polymers SA/ZnO-PVDF ≈1.4 MPa/- ≈33%/- – [25]

PAN-PVDF ≈1.63 MPa/≈3 MPa ≈131.4%/≈90% ≈2.82 MPa [75]

PVA-PVDF 6.29 MPa/- 300.88%/- 6.4 MPa [87]

PAN/PAM-PVDF ≈1.5 MPa/≈27.5 MPa ≈380%/≈90% ≈0.48 MPa [93]

significant role in the flexibility performance of PHs. By com-
paring the PAN-PVDF hydrogel with the PAN/PAM-PVDF
hydrogel, the latter can withstand almost threefold higher
tensile strain while showing even lower Young’s modulus.
The significant increase in tensile strain is due to the forma-
tion of highly ductile and robust double networks resulting
in enhanced stretchability of the hydrogel. Meanwhile, the
integration of soft PAM chains with relatively rigid PAN chains
also contributes to a decrease in Young’s modulus, indicating
higher flexibility. Therefore, to improve the flexibility of PHs,
further efforts can be made in developing multiple-crosslinking
PHs or introducing other interactions between polymer
chains.

3.3. Biocompatibility of PHs

Wearable PH devices intimately interact with the human skin
in order to obtain accurate and robust signals. PH devices can
also be implanted to promote restoration of human cells such
as wound healing or tissue regeneration. Hence, biocompatibil-
ity is a significant and essential consideration of PH devices to
guarantee a safe user experience and the continuous good health
of the users, especially for biomedical applications that involve
long-term sensing or monitoring when placed on the skin or
implanted within the human body.[102,109,110] To verify the bio-
compatible status of devices used in biomedical engineering ap-
plications, evaluation of the given material’s cytotoxicity or the
level of bioactivity must be achieved,[111] and tests demonstrating
cell growth and adhesion (Figure 6a,b), cell viability (Figure 6c),
and cell migration (Figure 6d,e) can be performed.[25,87,112,113]

For example, Liang et al. modified ZnO nanoparticles with
the PVDF/SA piezoelectric hydrogel scaffold (ZPFSA) using 3D
printing technology to accelerate wound healing and minimize
scar formation.[25] The piezoelectric response is considered the
bioelectrical stimulation, which can trigger the proliferation and
migration of cells, deposition of ordered collagen, neovascular-
ization and upregulated expression of a multitude of growth fac-
tors that facilitate wound healing and more. Here, they verified
the biocompatibility and biosafe status of their ZPFSA scaffold
through cell growth, adhesion, and viability testing. As shown in
Figure 6a, live staining of the L929 cells is shown to demonstrate
cell growth, with the fibroblast numbers increasing with cocul-
ture time from days 1 to 7. Additionally, despite modifying PVDF
with SA and ZnO nanoparticles, fibroblast adhesion and prolif-

eration showed favorable results (Figure 6b). When compared
to the control and SA groups, the ZPFSA piezoelectric hydrogel
scaffold demonstrated cell morphology that was more compara-
ble to regular fibroblasts, and the activity of cell proliferation was
more evident than the other groups. To further confirm the bio-
compatibility of their composite hydrogel, they conducted a tetra-
zolium assay (MTT) test, which is considered the gold standard to
determine cell viability and proliferation.[114] They also achieved
cell viability of the two piezoelectric hydrogel scaffold groups of
over 90% to verify excellent biocompatibility of their ZPFSA de-
vices (Figure 6c). Serra-Gómez et al. also performed a MTT test
using the fibroblast cell line NIH3T3 to confirm biocompatibil-
ity of their nanocomposite PH based on a poloxamine gel ma-
trix (Tetronic T1107) and cyclodextrin (CD), which are materi-
als often used in tissue engineering,[115,116] and modified them
with piezoelectric barium titanate (BT) nanoparticles.[117] Given
that they incorporated biosafe BT nanoparticles as the piezoelec-
tric material,[118] the cell viability test resulted in above 90% vi-
ability at low concentrations of poloxamine (<1 wt%) for both
pristine T1107 and the composite PH, and a 70 to 90% viabil-
ity at higher concentrations of poloxamine (1 to 25 wt%). In an-
other case, Wang et al. reported a self-powered PVA/PVDF com-
posite hydrogel, in which strong hydrogen bonds between the
PVA and PVDF molecules improved the piezoelectric mechan-
ical properties.[87] To demonstrate the level of bioactivity, they
observed the migration of L929 cells using an in vitro wound
healing assay (Figure 6d), in which the cell migration rate was
the quickest for their PVA/PVDF composite hydrogel with the
cell-free area having decreased to 9.49% of the original area
(Figure 6e). For Xu et al.’s work, they reported an antibacterial
PH composite using carboxymethyl chitosan, tannic acid, car-
bomer, and iron tungstate (FeWO4) to design wound dressings
that exhibit antibacterial efficiency and prevent wound infection.
For a comprehensive evaluation of the biocompatibility of their
PH composite, they conducted multiple tests to assess its hemo-
compatibility and cytocompatibility, such as an in vitro hemolysis
test, a cell viability test, and live/dead cell staining assay test.[119]

Hemocompatibility is a good measure of success of in vivo ap-
plicability for blood-contacting biomaterials,[120] and the hemoly-
sis test for their composite PH displayed good hemocompatibil-
ity, with no signs of obvious hemolysis and a very low hemolysis
ratio (<5%) when compared to the results of the control group.
Furthermore, the cell viability test involved a direct contact test
between the hydrogels and L929 cells, with no significant differ-
ence noted in cell viability between the two groups. In addition,
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Figure 6. The biocompatibility of various PH composite materials. a–c) Biocompatibility evaluation of ZPFSA scaffolds: a) live and dead cell staining;
b) fluorescent imaging demonstrating fibroblast adhesion and proliferation; c) cell viability of L929 cells on various ZPFSA scaffolds. Reproduced with
permission.[25] Copyright 2022, American Chemical Society. d,e) Biocompatibility evaluation of PVA/PVDF scaffolds: d) in vitro healing showing cell
migration of the L929 cells after 24 h removal of the culture; e) percentages of cell-free areas after cell migration of the L929 cells of various PVA/PVDF
scaffolds. Reproduced with permission.[87] Copyright 2022, American Chemical Society.

the live/dead cell staining assay test resulted in no obvious dead
cells.
Natural biopolymers such as SF, collagen, and cellulose have

inherent high biocompatibility;[102] however, synthetic crosslink-
ers and initiators could be used during the process of polymer-
ization, and much like synthetic composite hydrogels, raise con-
cerns of toxicity.[19] Specifically for PHs, they are characterized by
their physicochemical properties that regulate protein and cell in-
terfaces under specific temperature, pH, and ionic strength con-
ditions in a miscellaneous biological environment.[121,122] This
enforces the behavior of the PH onto the organic material with
which it comes into intimate contact. On a surface structural
level, the outer atomic layer of the material functions as a type of
biological transmitter between the cells and the given material,
and due to the physicochemical properties, the PHs can molec-
ularly and cellularly change transmission paths to affect mate-
rial biocompatibility. Moreover, since hydrogel properties such as
cell adhesion and differentiation are remarkably similar to that of
the ECM, the use of hydrogels within the field of biomedical en-
gineering aids in cell attachment and migration. The cells’ bio-
chemical nature is still maintained, which allows for facile nu-
trient diffusion and transportation while simultaneously provid-
ing mechanical and biological support.[18,123,124] Due to the hy-
drophilic nature of hydrogels, cell growth is greatly supported

as it can provide stability and swelling for soft tissues and also
form hydrated structures and channels.[20,124] Overall, validating
the biocompatibility status of PHs is vitally important and a sig-
nificant part of research regarding biomedical applications as it
guarantees the user’s safety and continuous good health, espe-
cially in cases where long-term usage can be applicable. For PH
devices to intimately and safely interact on and inside the human
body, they should employ biocompatible and biosafe materials
and administer biocompatibility tests that validate their biocom-
patible status by passing cytotoxicity tests and gauging the level
of intended bioactivity.[19,111] Failure to meet these biocompati-
bility standards can potentially result in irreversible damage or
scarring to tissues in close contact with PH devices.

3.4. Biodegradability of PHs

For wearable and implantable applications of bioelectronic PH
devices, assessing and confirming their biocompatibility is im-
portant. Particularly in the field of biomedical engineering, when
dealing with PH devices that are implantable or maintain inti-
mate and prolonged contact with the human skin, an additional
critical factor alongside biocompatibility is the biodegradability
of the materials. This ensures the sustained well-being of the
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Figure 7. The biodegradability of various PH composite materials. a,b) Biodegradability evaluation of the self-poweredmechanical sensor consisting of a
matrix of BC hydrogel and ImClO4: a) schematic illustration of the biodegradability and recyclability; b) Digital image showing the fully degradable process
after 4 h. Reproduced with permission.[72] Copyright 2022, American Chemical Society. c,d) Biodegradability evaluation of the SH-SYSY magnetoelectric
microswimmers: c) schematic of the degradation process and induced neuronal differentiation through magnetic stimulation; d) digital image of the
degradation process after culturing of the cells for 0, 1, 3, and 7 d. Reproduced with permission.[128] Copyright 2020, Wiley.

individual, particularly in short-term applications. This signifi-
cance is emphasized by studies.[60,101,110]

For PH devices, soft and natural materials that are biodegrad-
able should be utilized to ensure the continuous comfort of the
user and the working biodegradable mechanism within the hu-
man body. For example, Lu et al. designed a hybrid PH sensor
using bacterial cellulose (BC) hydrogel as the matrix and im-
idazolium perchlorate (ImClO4) molecular ferroelectric as the
functional ferroelectric metamaterial that exhibits piezoelectric
properties.[72,125,126] To realize the biodegradability and also the
recyclability of the composite material, they infused the molec-
ular ferroelectric, which is a polar molecule that has both in-
organic atomic frameworks and organic molecular groups, into
the BC matrix.[127] As shown in Figure 7a, the composite mate-
rial breaks down after being immersed in pure water to demon-
strate the biodegradability of the BC hydrogel and the recycla-

bility of the ImClO4 molecular ferroelectric. For the ImClO4, it
dissolved in the water to form a solution with imidazolium and
perchlorate ions, and energy-dispersive spectroscopy (EDS)map-
pings verify that the main elements of the molecular ferroelec-
tric, the N and Cl elements, completely vanished from the com-
posite material. The BC membrane was then immersed in cel-
lulase solution, in which it became fully transparent after 4 h
to demonstrate full decomposition of the hydrogel (Figure 7b).
Another example is Dong et al.’s fabrication of a soft helical mi-
croswimmer using gelatin-methacryloyl (GelMA)-based hydrogel
and multiferroic nanoparticles (MENPs) for targeted cell ther-
apy applications specializing in traumatic injuries and diseases
regarding the central nervous system.[128] Specifically for the
ferroelectric nanoparticles, which maintain a core–shell design,
they are composed of a BiFeO3 (BFO) shell that encapsulates a
CoFe2O4 (CFO) core. After delivery of the cells to the targeted
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area, the secretion of proteinases of the surrounding cells de-
graded the helical structure of the microswimmers, which con-
sisted of the GelMA hydrogel (Figure 7c). The therapeutic cells
and the MENPs were then released, and an alternating mag-
netic field was simultaneously applied to induce the neuronal cell
differentiation of the human neuroblastoma SH-SY5Y cell line,
which is commonly used for neurodegenerative disease studies.
The cell differentiation was caused by the momentary change
to the surface charges of the MENPs, which occurred when the
CFO cores experienced a strain due to the appliedmagnetic fields
to subsequently exert a strain onto the BFO shells as well. The
biodegradablemechanism is verified with opticalmicroscope im-
ages of the hybrid microswimmers cultured with SH-SY5Y cells
(Figure 7d), in which the helical hydrogel structure gradually
biodegrades by day 7. Additionally, Dumitrescu et al. synthesized
hydroxyapatite (HA), chitosan, and the piezoelectric smart bio-
material potassium-sodium niobate (KNN) together to develop a
PH composite for bone grafting in the field of dentistry.[129] To
observe in vivo biodegradability of chitosan, which is a natural
biodegradable polymer,[130] they studied it in simulated physio-
logical fluid substitutemedium conditions, which resulted in suf-
ficient degradation of chitosan such that the HA and KNN gran-
ules became exposed within the hydrogel composite matrix.
Much like the material biocompatibility of PHs, the level of

biodegradability of PHs is also a significant factor for use in
biomedical engineering applications, especially when employed
in close contact or within the human body. Essentially, the hydro-
gel biodegradability is determined by the capability of breaking
down the crosslinked 3D structures into simple biocompatible
products through the process of solubilization, chemical hydrol-
ysis, enzymatic hydrolysis, andmore to result in the loss of mate-
rial integrity.[19,131] The four major stages of hydrogel biodegrad-
ability are as such: hydration, loss of strength, loss of mass in-
tegrity, and loss of mass.[131] Some factors that affect the stages
of PH biodegradability aremolecular weight, level of crystallinity,
and polymer hydrophobicity while the pH of the biological envi-
ronment, concentration of enzymes, and the water quantity affect
the rate of biodegradability.[19] Specifically, the hydration of the
PHs is determined by the polymer hydrophobicity, in which the
van der Waals forces and hydrogen bonds of the material must
be overcome to destabilize the secondary and tertiary hydrogel
structures, resulting in hydration. Loss of polymer strength and
loss of mass subsequently occur as the interaction of polymer
chains is overcome and crosslinkers are separated. Ultimately,
biodegradable PHs have advantages within biomedical applica-
tions since they can biodegrade and thus eliminate the need for
device removal after an effective yet temporary life span. Thus,
the biodegradability of PHs should be evaluated and confirmed
to ensure the non-toxicity of the materials and the well-being of
the user, particularly when used for applications in health moni-
toring and restorative purposes.

4. Applications of Piezoelectric Hydrogels in
Biomedical Field

Hydrogels are ideal candidates in the biomedical field due to their
favorable high flexibility, inherent biocompatibility, and close re-
semblance to the ECM. In addition to these promising properties,

PHs demonstrate remarkable piezoelectric performance by in-
tegrating piezoelectric components, which significantly expands
their applications in the field of biomedical engineering. As self-
powered devices due to the piezoelectric effect, PHs are able to
generate electrical signals under mechanical stress for monitor-
ing purposes and provide variable bioelectric stimulation for fa-
cilitation of wound healing and tissue regeneration. Certain PHs
derived fromnatural biopolymers are even capable of biodegrada-
tion and show great advantages as implantable devices. Further-
more, leveraging the piezoelectric effect for piezocatalysis opens
up the applications of PHs in piezocatalytic medicine. In this
section, we review recent advances of PHs in biomedical appli-
cations including wound healing and tissue regeneration, piezo-
catalytic medicine, and health and motion monitoring.

4.1. Wound Healing and Tissue Regeneration

With various advantageous properties such as swelling,
self-healing, and stimuli responsiveness, hydrogels have
shown immense progress within the biomedical engineer-
ing field for cell-culture, tissue regeneration, and drug delivery
applications.[16,20,24,132,133] However, pristine hydrogels cannot
solely activate the process of cell regeneration, which is a crucial
component in biomedical restorative applications, and thus
require a separate physical stimulation such as light or electrical
stimulus to initiate the process.[24,100] Moving beyond biomed-
ical devices that incorporate traditional hydrogels, devices that
utilize hydrogels endowed with piezoelectric properties have the
additional benefit of providing bioelectrical stimulation through
the generation of electric polarization under applied mechanical
stress. With the ability to generate electrical signals in a localized
area, these PH devices can be self-powered. Moreover, they have
the potential to facilitate cell regeneration, proliferation and
differentiation during tissue growth. This, in turn, promotes
processes like re-epithelialization and collagen deposition, blood
vessel formation, and an increased secretion rate of growth
factors. These effects are observed when the devices maintain
intimate contact with the human skin or are implanted within
the human body.[87,102,134] Such hybrid materials are thus de-
sirable in the design of biomedical devices used for restorative
applications in not only tissue regeneration but also wound
healing.
Wound healing is a restorative process that involves cell pro-

liferation and migration to facilitate the regeneration of tissues
at the site of damage.[26,27,87,135,136] Such cell behavior is deter-
mined by the endogenous bioelectricity, which can be mimicked
by PH devices to facilitate the healing process.[27,87,136] For ex-
ample, Wang et al. designed a PVA/PVDF composite hydrogel
for the wound repair of diabetic patients. In this work, the hy-
drogel provided a moist environment to facilitate the extraction
of wound exudate and the PVDF provided electrical stimula-
tion to activate the AKT and ERK1/2 signaling pathways. These
pathways are heavily associated with tissue repair and wound
healing.[87,137–139] With uniform distribution of the PVDF within
the PVA matrix, a d33 value of 8.4 pC N−1 was achieved to gener-
ate reported signal outputs of 2.82 V and 248.16 nA. To verify the
wound healing properties of their composite PH dressing, they
placed the dressing over the wounds of diabetic rats (Figure 8a)
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Figure 8. PH application in wound healing and tissue regeneration. a–c) Wound healing and tissue regeneration evaluation of the PVA/PVDF wound
dressing: a) digital images of the wound healing process over 14 d; b) wound tracking analysis over 14 d; c) percentage curves of residual wound area
to initial wound area over 14 d when comparing the PH dressing with a pristine PVA dressing and a control group. Reproduced with permission.[87]

Copyright 2022, American Chemical Society. d–f) Wound healing and tissue regeneration evaluation of the GelMA/BTO injectable: d) schematic of
periodontal disease treatment over the course of 30 d; e) graph demonstrating change in cementum–enamel junction; Reproduced with permission.[140]

Copyright 2023, American Chemical Society. f) Digital images of the tissue regeneration process demonstrating osteochondral repair over 12 weeks when
comparing the PH injectable with the PVA/HA hydrogel group and a blank group. Reproduced with permission.[141] Copyright 2022, MDPI.

and compared the rate of wound healing with that of a control
group (untreated) and a pristine PVA dressing. The generation
of piezoelectric stimulation from the PH dressing allowed the
wound to heal quickly with 13.5% of the initial wound area re-
maining by day 8 and complete closure by day 10. The accelerated

wound closure rate of the PH dressing was confirmed through
wound tracking analysis and demonstrated through a percentage
curve of the residual wound area to initial wound area of the three
groups (Figure 8b,c). Another example of wound healing is Liang
et al.’s SA hydrogel scaffold, modified with ZnO nanoparticles
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with PVDF (ZPFSA). This modification aims to provide electri-
cal stimulation through piezoelectricity, promoting wound heal-
ing andminimizing scar formation.[25] Their PHwound dressing
provided a dual piezoelectric release to stimulate vertical swelling
and horizontal friction. As a result, stable electric stimulationwas
provided to the wounded area on rats, in which the wound com-
pletely closed within 14 d without any scar tissue formation by
utilizing the PH dressing. For wound healing and skin regenera-
tion of wound burns, Chouhan et al. developed a SF-based hydro-
gel blend through the self-assembly of an equal ratio of two dif-
ferent SFs.[66] The fabrication process did not require additional
crosslinking agents, which permitted the hydrogel blend to be
utilized as an injectable or in situ formation for an easy one-step
applicability onto third-degree burns. Firm attachment onto the
native tissue was noted until the wound completely healed by the
14th day, in which they observed wound eschar (dry dead tissue)
fall off and the complete regeneration of the neo-epidermis layer.
Similar to wound healing, tissue regeneration is another

restorative process that promotes cell proliferation, differentia-
tion, and migration. This regeneration process is often triggered
by endogenous bioelectrical stimulation, and one method to pro-
vide electrical stimulation is through piezoelectricity.[27,136,142] For
example, Roldan et al. reported an injectable PH composite us-
ing GelMA and biocompatible BTO fillers to promote antibac-
terial effects and alveolar bone tissue regeneration as a form of
periodontal disease treatment.[143] Such an oral disease progres-
sively erodes away at the periodontal tissues to ultimately re-
sult in teeth loss. However, the use of their PH injectable has
reduced inflammation and the pocket depth of the periodontal
area after just a month of treatment through the enhancement of
early ECMmineralization, bonemarrow stem cell (BMSC) viabil-
ity, and osteogenic differentiation by upregulating osteogenesis-
related genes such as RUNX2, COL1A1, and ALP. As shown in
Figure 8d, periodontal bone tissue regeneration using the in-
jectable PH composite was evaluated in vivo using mice mod-
els over the course of 30 d. The change in cementum–enamel
junction (Figure 8e) was evaluated to assess the level of tissue re-
generation, along with pocket depth of the periodontal area and
the change in bone volume at the ligature location. Piezoelec-
tric properties are demonstrated by their PH composite due to
the incorporation of piezoelectric BTO fillers, and their PH in-
jectable ultimately provided the highest change of bone tissue
and volume regeneration in the periodontal area after a month
of treatment when compared to other control groups. Moreover,
Wu et al. developed a PVA/PVDF composite doped with silver
nanowires (AgNWs) to enhance the piezoelectricity and to evalu-
ate the effect of the piezoelectric performance on osteochondral
defect repairs and cartilage formation.[100] The function of the
piezoelectric response from PVDF was to provide electrical stim-
ulation that would instigate and improve in vivo degradation of
the materials by activating the enzymes and other degradation
mechanisms. By employing their PH composite on the rabbit
osteochondral defect model, they successfully demonstrated an
enhanced repairing effect of osteochondral defects by mending
the cartilage and subchondral bone of the defects (Figure 8f).
They observed no evident boundary between the new cartilage
and new bone, which meant that the interface between the two
was closely attached. Additionally, Li et al. reported a BTO in-
corporated SF composite PH with integrated piezoelectric prop-

erty, thermal sensitivity, and a storage modulus compared to the
natural spinal cord for motor functional recovery of spinal cord
injuries.[92] The composite PH was directly applied at the lesion
site of a rat, where the piezoelectric effect was induced by ultra-
sound to generate electrical stimulation. It was found that the
composite PH significantly enhanced motor function recovery
of the spinal cord-injured rats through promoting neurogenesis,
axon regrowth, synapse formation, and remyelination. Overall,
biomedically engineered devices that employ hydrogels endowed
with piezoelectric properties have further applicability in wound
healing and tissue regeneration applications. Due to the piezo-
electric response of PH composites, electrical stimulation that
mimics endogenous bioelectricity is induced to promote cell re-
generation, proliferation and differentiation, which are essential
to biological restorative processes.

4.2. Piezocatalytic Medicine

So far, great efforts have beenmade in developing innovative and
effective treatments for diseases that can meet a wide range of
clinical applications. The use of nanomaterials and nanotechnol-
ogy is widely successful in optimizing therapeutic efficacy and
mitigating side effects.[144,145] In recent years, the emerging use
of piezocatalyticmedicine has shown broad application prospects
in the biomedical field. The general mechanism of piezocatalysis
is based on the ability of piezoelectric materials to release elec-
trons and holes triggered by mechanical energy, which catalyzes
the redox reaction of the substrate and generates ROS, includ-
ing hydroxyl radical (•OH) and superoxide anion (•O2

−).[44,45] As
a class of substances with ultra-high reactivity, ROS hold great
potential in the field of catalytic medicine, such as cancer ther-
apy and antibacterial therapy.[46–48] In contrast to conventional
photocatalytic ROS-inducing strategies that have limitations in
tissue penetration and controlled regulation, piezocatalysts are
able to be controlled by external stimuli to generate ROS with-
out the limitation of penetration depth.[146,147] However, piezo-
catalysts, in terms of piezoelectric nanomaterials, are not fully
biocompatible and are usually difficult to deliver to the target lo-
cation in the body. PHs are desirable to address such issues, since
they are highly biocompatible and convenient to deliver while
carrying those piezocatalysts. Furthermore, through utilizing dif-
ferent functional hydrogel carriers, PHs can effectively achieve
the desired therapeutic environment and be triggered by multi-
ple sources such as ultrasound, thermal, and magnetic stimula-
tion, thus creating the opportunity to combine piezocatalysis with
other biomedical technologies.[148–151]

As a biocompatible and nontoxic piezoelectric nanomaterial,
BTO has attracted much attention in the field of piezocatalytic
medicine due to its controllable size, morphology and piezo-
catalytic activity.[152–154] Recently, important progress has been
made in the piezocatalytic application of functionalized PHs
loaded with BTO. Zhu et al. reported that the piezocatalysis of
BTO-loaded PHs triggered by ultrasound can be used for tumor
therapy.[155] In their work, tetragonal BTO (T-BTO) nanoparticles
were synthesized and embedded in a thermosensitive hydrogel
to form a composite PH (T-BTO-Gel).The T-BTO-Gel was sub-
sequently injected into the tumor xenografts in mice. As shown
in Figure 9a, the piezoelectric effect was triggered by ultrasonic
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Figure 9. Applications of PHs inmulti-stimuli triggered piezocatalytic medicine. a,b) Ultrasound triggered piezocatalysis for tumor therapy: a) schematic
illustration of piezocatalytic tumor therapy using T-BTO-Gel; b) tumor growth of mice in different comparison groups after 15 d. Reproduced with
permission.[155] Copyright 2020, Wiley. c,d) Temperature fluctuation induced piezocatalysis for teeth whitening: c) schematic illustration of piezocatalytic
teeth whitening via BTO-Gel braces; d) stained tooth before, during, and after whitening at slow and fast heating rate. Reproduced with permission.[150]

Copyright 2022, Springer Nature. e–g) Application of magnetic field driven piezoelectric effect in nerve injury treatment: e) schematic illustration of
piezocatalytic neurogenesis via FO@BTO NPs-loaded hydrogel; f) neural cell proliferation in AC0.5 with and without magnetic stimuli; g) Spin cord
cross-sections of mice in different comparison groups 30 d after surgery. Reproduced with permission.[151] Copyright 2021, Wiley.

vibration to generate a built-in electric field, leading to the contin-
uous separation and accumulation of electrons and holes, which
in turn catalyzed the production of ROS for in situ tumor elim-
ination. After three ultrasound irradiations, the growth of the
T-BTO-Gel injected tumor was significantly inhibited and com-
pletely eradicated within 15 d, whereas the tumors in the other
comparison groups still maintained rapid growth, demonstrat-
ing significant therapeutic effect of their designed T-BTO-Gel
(Figure 9b). In another work, Wang et al. explored a novel tooth

whitening strategy based on temperature fluctuation-triggered
piezocatalysis, which was easily achieved by PHs loaded with
BTO nanowires.[150] In their research, BTO nanowires were em-
bedded in a photocured hydrogel to form a composite PH (BTO-
Gel) with customized shape, which was used as tooth braces. As
shown in Figure 9c, heating or cooling led to a polarization al-
teration in the BTO-Gel, resulting in the release or absorption of
screening charges to generate ROS (•OH or •O2

−). The contin-
uously generated ROS attacked and degraded the stains on the
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tooth surface, resulting in a tooth whitening effect. Figure 9d
shows the results of 2000 thermal cycles of stained teeth at
different heating rates with temperature fluctuations of 25 °C.
The areas of the teeth covered by BTO-Gel were significantly
whiter compared to their initial state, whereas the uncovered
areas showed no significant change. Such PH-based piezocat-
alytic tooth whitening strategy shows great potential for com-
mercialization as it can achieve significant teeth whitening re-
sults at a low cost with safety and convenience. In addition,
Zhang et al. developed a method to treat nerve injury by trig-
gering PHs through remote magnetic field stimulation.[151] Al-
though the mechanism for such neurogenesis is not yet known,
it is hypothesized that the generated internal electric field catalyz-
ing the expression of transmembrane ion channels (L-VGCC)
and Ca2+ plays an important role.[156,157] Therefore, we include
it as additional example of piezocatalytic medicine. As shown in
Figure 9e, magneto-responsive ferric oxide (FO) and piezoelec-
tric BTO were prepared into core–shell-structured magnetoelec-
tric nanoparticles (FO@BTO NPs), which were embedded in an
aldehyde functionalized-hyaluronic acid/collagen (AHA-Col) hy-
drogel to form a composite PH. It was found that the AHA-Col
hydrogel loaded with 0.5% FO@BTO NPs, denoted as AC0.5, ex-
hibited the best cell viability. Figure 9f shows that neural cells cul-
tured in AC0.5 under amagnetic field are able to spawnmore and
longer neurites compared to those without magnetic field stim-
ulation, which is attributed to the piezocatalytic effect of AC0.5
triggered by the magnetic field. AC0.5 was implanted into spinal
cord-injured rats to validate its in vivo therapeutic effects. As
shown in Figure 9g, AC0.5 subjected to magnetic field stimula-
tion after 30 d of surgery exhibited significant therapeutic effects
compared to other comparison groups, demonstrating the in vivo
effectiveness of this treatment method.
Here, we introduced various piezocatalytic functions of PHs

and their therapeutic roles in diverse medical settings. In brief,
the crucial step involves the excitation of the piezoelectric com-
ponent to form a built-in electric field, leading to the catalysis
of a series of redox reactions on the substrate. The high ther-
apeutic efficacy and excellent dynamic responsiveness of such
technique make it possible to realize precise, remote, and non-
invasive treatments.However,most of the currently studied BTO-
based hydrogels are non-biodegradable, potentially posing issues
post-implantation. Exploring the piezocatalysis applications us-
ing biodegradable PHs is an avenue for future investigation.

4.3. Health and Motion Monitoring

PHs exhibit the characteristics of both hydrogels and piezoelec-
tric materials. On one hand, hydrogels have been widely used as
wearable strain sensors for health and motion monitoring due to
their high flexibility and biocompatibility to meet ergonomic and
safety requirements.[132,158,159] Moreover, through various func-
tionalization methods, hydrogels can be endowed with unique
properties such as self-adhesion, self-healing, and freezing re-
sistance, enabling wearable hydrogel sensors to detect body sig-
nals in various environments.[132,160] However, most of those hy-
drogel sensors are developed based on the piezoresistive mode,
which requires an external power source to operate. Despite the
flexibility of hydrogel sensors, integrating the necessary power

modules for wearables often leads to a bulky and rigid struc-
ture that is not comfortable for wearing and can cause irritability
with the skin. On the other hand, piezoelectric materials have
shown great advantages in the field of self-powered sensing due
to their capability of converting mechanical energy into electri-
cal energy. Currently, most piezoelectric sensors are developed
as thin-film devices based on organic or inorganic piezoelectric
materials.[161–165] Although a lot of advances have been made
in piezoelectric thin-film sensors with excellent sensing perfor-
mance and self-powered capability, their applications in monitor-
ing human body signals are still limited due to their poor biocom-
patibility and inadequate flexibility. Therefore, PHs combining
both hydrogels and piezoelectric materials offer biocompatibil-
ity, flexibility, and self-powered capability, exhibiting significant
potential for utilization in wearable sensors. These PH sensors
can be affixed to diverse locations on the surface of the human
body or implanted in the body, enabling real-time monitoring of
various physiological signals.
Pulse wave signals are one of the most common and widely

studied physiological signals in the human body. They are im-
portant indicators of heart rate and vascular aging, which can be
detected from the radial artery at the wrist. PHs are favorable in
pulse monitoring owing to their flexibility and ability to generate
piezoelectric response by subtle pressures. For example, Fu et al.
reported the physiologicalmonitoring applications of a piezoelec-
tric PAN-PVDF hydrogel.[75] The self-powered PH had a Young’s
modulus comparable to the human skin and maintained close
and safe contact with the wrist for pulse monitoring. As shown
in Figure 10a, their PH sensor was able to provide real-time pulse
beats with clear distinct signal peaks that allowed for the calcula-
tion of the artery augmentation index and the diastolic augmenta-
tion index, which diagnosed the level of arterial stiffness. Further-
more, their PH sensor exhibited potential in the detection of vocal
cord vibrations. When placed over the Adam’s apple of the male
volunteer, the PH sensor generated distinguishable electrical sig-
nals that corresponded to different words (Figure 10b), which can
be used to further open up other approaches in connecting lan-
guage communication with human behavior. In addition to those
physiological signals, PHs can also be used to detect human
body signals from various body motions. In a recently reported
work, a nanocomposite PH (Gel/OCS-ABTO) that was stretch-
able, biocompatible, and self-powered was developed for body
motion monitoring.[91] By grafting the piezoelectric ABTO onto
OCS chains within the Gel matrix, the stretchability of the hydro-
gel was greatly enhanced along with providing the self-powered
sensing capability through its piezoelectricity. Monitoring of the
elbow flexion and knee flexion was also achieved by wrapping
the sensors around the elbow and knee respectively. As shown in
Figure 10c, the amplitudes of the output voltage signals notably
corresponded to elbow bending angles of 30°, 60°, and 90°. By
corresponding knee bending angles with their voltage outputs,
knee flexion sensing was also demonstrated for applications in-
volving rehabilitation training (Figure 10d). Their sensor also al-
lowed for foot pressure monitoring involving early detection of
conditions and diseases that affect a person’s gait, such as dia-
betes and stroke-related podiatry (Figure 10e). The foot pressure
distribution of three scenarios (rear foot on the ground, full foot
on the ground, and fore foot on the ground) was monitored, and
different pressure distributions on the right foot corresponded to
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Figure 10. Applications of PH devices in health and motion monitoring applications. a) Pulse monitoring and b) vocal cord vibration detection using
a PAN-PVDF hydrogel. Reproduced with permission.[75] Copyright 2019, American Chemical Society. c) Elbow bending, d) knee flexion, and e) foot
pressure monitoring applications of a Gel/OCS-ABTO composite hydrogel. Reproduced with permission.[91] Copyright 2023, Elsevier.
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Table 4. A summary of the biomedical applications of recently reported PHs.

Biomedical applications PHs Key properties Site of action Stimuli source Refs.

Wound healing PVA/PVDF Piezoelectricity, biocompatibility,
flexibility

Skin wounds of rats Physical activities [87]

SA/ZnO-PVDF Piezoelectricity, biocompatibility,
flexibility

Skin wounds of rats Physical activities [25]

SF Piezoelectricity, biocompatibility,
biodegradability

Burn wounds of rats Physical activities [66]

Tissue regeneration GelMA/BTO Piezoelectricity, biocompatibility,
biodegradability

Periodontal pockets of rats Mastication [140]

PVA/PVDF Piezoelectricity, biocompatibility Osteochondral defects of rabbits Mechanical stress [141]

PAN/PAM-PVDF Piezoelectricity, biocompatibility,
flexibility

Human umbilical vein endothelial
cells (HUVECs)

Ultrasound [93]

Piezocatalytic medicine T-BTO-Gel Piezoelectricity, biocompatibility Tumor xenografts of rats Ultrasound [155]

BTO-Gel Piezoelectricity, biocompatibility,
biodegradability

Human tooth surface Heating, cooling [150]

FO@BTO/AHA-Col Piezoelectricity, biocompatibility,
biodegradability

Spinal cord of rats Magnetic field [151]

Health and motion monitoring PAN-PVDF Piezoelectricity, flexibility Wrist, throat Pulse beats,
vocalization

[75]

Gel/OCS-ABTO Piezoelectricity, flexibility Elbow, knee, foot Body motion [91]

SF/ZnONRs Piezoelectricity, flexibility Chest Respiration [68]

each scenario. For motion monitoring applications of both wear-
able and implantable PHs, Gogurla et al. incorporated piezoelec-
tric ZnONRs into soft, biocompatible, and conformable SF hy-
drogel to design a self-powered artificial energy-skin for biophys-
iological sensing.[68] The artificial skin was capable ofmonitoring
finger movements when attached to the finger and the human
respiration cycle when attached to the chest through dual trans-
duction mechanisms. As an implantable device, it was embed-
ded into biological tissues and external stimulus of finger press-
ing was steadily monitored. Overall, not a lot of applications with
PHs has been reported yet for health andmotionmonitoring pur-
poses. Given that the majority of these applications have been
published in recent years, there is an expectation that the PHwill
continue to shine as a rising star in the field of health andmotion
monitoring.
In this section, we have overviewed recent advances of PHs

in biomedical applications, which include common applications
such as wound healing and tissue regeneration and health
and motion monitoring. Piezocatalytic medicine, an emerging
biomedical application, is also detailed to demonstrate the adapt-
ability of the hybrid material system by endowing hydrogels with
piezoelectric properties. In Table 4, the various biomedical ap-
plications of PHs, along with their key properties, site of action,
and stimuli source, are cohesively summarized. Overall, piezo-
electricity and biocompatibility are considered the key properties
of PHs under almost all application scenarios, thus making such
hybrid materials desirable within the biomedical field. Specifi-
cally, for wound healing and monitoring applications, the flexi-
bility of PHs is also a key property that is mentioned to ensure
that they comply with body motions since these devices would
be utilized as long-term wearables. For applications in tissue re-
generation and piezocatalytic medicine, the biodegradability of
PHs is favorable, meaning that no removal surgery is required

after implantation, thus enhancing the convenience of this ma-
terial. It should also be noted that existing PHs have been uti-
lized at various sites of action, either on the surface of the human
skin or implanted within the body, with multiple stimuli sources,
which demonstrate wide-ranging applicability regarding the hu-
man body and broad development prospects. As such, we envi-
sion that future efforts will further explore the potential of PHs
in the biomedical field.

5. Conclusion and Perspectives

In this review, we summarize and highlight recent advances in
PHs with respect to their design strategies, outstanding prop-
erties, and applications in the field of biomedical engineering.
Overall, a variety of PHs has been developed utilizing natural
biopolymer hydrogels or synthetic polymer hydrogels. On one
hand, PHs can be directly derived by the physical crosslinking
of natural biopolymers with inherent piezoelectricity such as SF,
which require no additional chemicals or piezoelectric compo-
nents to effectively avoid the effects of introducing external ma-
terials on the biocompatibility of hydrogels. On the other hand,
PHs can also be fabricated in terms of composite hydrogels
through integrating diverse synthetic polymer hydrogels with or-
ganic or inorganic piezoelectricmaterials such as PVDF and BTO
via physical or chemical interactions, thus revealing great design
flexibility and performance tunability. The combination of hydro-
gels and piezoelectric materials as PHs results in unique gain-
of-function with piezoelectricity, flexibility, and biocompatibility.
Moreover, the piezoelectric performance of PHs is closely associ-
ated with their piezoelectric components. By tailoring the dosage
of those piezoelectric components in PHs, high electrical out-
put or sensitivity can be obtained. Meanwhile, attention should
also be paid to their durability to ensure long-term use. The
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flexibility and biocompatibility of PHs are mainly determined by
their hydrogel matrix. In general, PHs utilizing synthetic poly-
mer hydrogels are more flexible and robust than those based
on natural biopolymer hydrogels. However, their flexibility may
decrease with increased contents of the introduced piezoelec-
tric materials. Therefore, it is important to regulate the usage
of those materials to balance their mechanical characteristics
and piezoelectric performance. As for biocompatibility, natural
biopolymer-based PHs demonstrate apparent superiority due to
their inherent biocompatible nature. Moreover, most of them are
capable of biodegradation and show great advantages as biomed-
ical devices. All of these promising properties of PHs contribute
to their significant potential in biomedical applications including
wound healing and tissue regeneration, piezocatalytic medicine,
and health and motion monitoring.
Even though remarkable progress has been achieved in PHs

for biomedical applications, there are still significant challenges
on their way from bench to bedside. From the material perspec-
tive, a majority of current efforts are focused on PHs utilizing
synthetic polymer hydrogels due to their controllable and facile
fabrication. To achieve high piezoelectric performance, piezoelec-
tric components such as PVDF and BTO are usually introduced.
However, those piezoelectric materials are not fully biocompati-
ble, and their long-term implant safety is not yet verified. Another
concern for synthetic polymer-based PHs is that most of them
are non-biodegradable and may pose issues post-implantation.
Natural biopolymer-based PHs such as SF hydrogels show excel-
lent biodegradability, butmost of them suffer from low piezoelec-
tric potential, which cannot meet the requirements in specific
biomedical applications such as tissue regeneration. Although
other piezoelectric materials can be incorporated to increase out-
puts, achieving effective interactions between those materials
and biopolymers remains challenging. As a result, the piezoelec-
tric performance of those PHs is usually enhanced at the expense
of their mechanical performance. In addition, the intrinsic draw-
backs of natural biopolymer-based PHs in customization and
complex material processing are yet to be overcome, preventing
them from large-scale use in practical applications. Therefore, fu-
ture efforts should be directed to address these aspects for the
development of PHs.
From the application perspective, we put forward specific chal-

lenges and future outlook for PHs regarding their biomedical
applications. For tissue engineering and piezocatalytic medicine
applications, the primary challenge lies in transitioning from an-
imal studies to human applications. Despite the breakthroughs
that have been made, most of the existing studies still remain at
the animal level. Given that the human body is significantly more
complex than the animal body, it is imperative to thoroughly in-
vestigate both the effectiveness and potential side effects of PHs
on the human body. Another critical challenge is the adaptabil-
ity of PHs to meet the needs under different biological circum-
stances. PHs are able to generate electrical stimulation that mim-
ics endogenous bioelectricity within or on the surface of the bi-
ological tissue. However, their performance is significantly af-
fected by the stimuli received from those biological tissues, which
can vary depending on specific tissues and locations. To further
evaluate the in vivo effectiveness of PHs, systematic and com-
prehensive studies need to be carried out regarding various tis-
sues and biological sites. Additionally, the variability across pa-

tients should also be taken into consideration since patient-to-
patient variability in weight, gender, age, and other systematic
factors can influence responses. Lastly, in order to realize clinical
translation of PHs, more attention should be paid to the lifes-
pan, ease of implantation and removal, and their impact on pa-
tients. For health and motion monitoring applications, despite
their advantage of being self-powered, the functions of PH de-
vices remain limited. Future efforts need to be made toward ad-
dressing their multifunctionality. For example, an ideal health-
monitoring device should be able to collect multiple physiologi-
cal signals such as pulse, electrocardiogram, seismocardiogram,
electromyogram, and more.
Furthermore, on top of basic properties including mechano-

electroresponsiveness, flexibility, and biocompatibility, PH de-
vices should also incorporate functions of data generation, wire-
less transmission, as well as human-machine interactions. Inte-
gration of all these functions into a PH device will undoubtedly
require the convergence of interdisciplinary technologies in ma-
terials science, biomedical, mechanical, and electrical engineer-
ing. Another concern for PH-based monitoring devices is their
wearing or implanting convenience for daily activities. For in-
stance, they may be customized into smart bracelets, rings, or
even integrated with an existing biomedical device, such as the
pacemaker. Further developments of such designs need to lever-
age technological innovations in product processing and packag-
ing. In addition to aforementioned applications, PHs also exhibit
huge potential in biorobots applications.[166] Piezoelectricmateri-
als have been widely used as actuators due to their reverse piezo-
electric effect.[167–170] The integration of their actuating features
along with flexible and biocompatible hydrogels facilitates the de-
velopment of biorobots with in vivo mobility, which is promis-
ing for realizing breakthrough functions such as dynamic drug
delivery. Consequently, challenges and opportunities coexist. De-
spite the limited existing research on PHs, we believe that the
broad prospects of PHs in biomedical applications will enable
them to enter human life in the near future. As the PH is gain-
ing prominence as a rising star, the exploration of its full poten-
tial offers valuable insights into a promising hybrid biomaterial
and its potential applications in biomedical applications. This en-
deavor lays the groundwork for future research, innovation, and
the practical utilization of PHs with the goal of advancing health-
care, technology, and the medical world.
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