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Abstract 

Piezoelectric interfaces are emerging as powerful tools for autonomous and personalized biomedical diagnostics by enabling 
real-time sensing and energy harvesting from physiological activities. Among them, piezoelectric nanogenerators (PENG) exem-
plify the integration of mechanical-to-electrical transduction with wearable and implantable applications, supporting self-powered 
operation without external power supplies. This review summarizes the fundamental principles of piezoelectricity and the develop-
ment of representative materials, including inorganic ceramics, organic polymers, and hybrid composites, all tailored for biomed-
ical use. Advances in fabrication strategies such as nanoscale patterning, multilayer assembly, and additive manufacturing have 
enhanced the flexibility, sensitivity, and biocompatibility of PENG-based systems. These devices have shown significant promise 
in applications such as cardiovascular and respiratory monitoring, neuromuscular sensing, and wound healing, where continuous 
and accurate physiological tracking is essential. Despite these advances, challenges remain in improving energy conversion effi-
ciency under low-frequency biological motions, ensuring stable long-term biocompatibility, and integrating energy harvesting with 
storage and signal processing. Future directions include the incorporation of artificial intelligence for intelligent data analysis and 
the adoption of sustainable materials to enable next-generation diagnostic tools that are autonomous, eco-friendly, and suitable 
for precision medicine.
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1. Introduction

The field of biomedical diagnostics is undergoing a paradigm 
shift driven by the demand for continuous, noninvasive, and real- 
time health monitoring systems. Traditional diagnostic tools, 
such as blood tests and imaging techniques, often necessitate 
bulky equipment, intermittent sampling, and external power 

sources, thereby limiting their applicability in personalized and 
remote medicine.[1–3] While wearable and implantable devic-
es have emerged as promising alternatives, their dependence 
on traditional batteries introduces challenges such as the need 
for frequent replacements, limited lifespan, and environmental 
concerns.[4–6] Given the aging global population and the rise in 
chronic diseases,[7] there is an urgent need for self-sufficient, 
miniaturized technologies that can seamlessly integrate with the 
human body while providing precise, actionable insights.[8,9]

Piezoelectric nanogenerators (PENG) have emerged as a 
transformative solution to these challenges, leveraging their 
unique ability to convert ambient mechanical energy—from 
heartbeats[10] to joint movements[11–13]—into electrical energy.[14] 
Unlike traditional energy sources, PENG requires no external 
charging, instead converting biomechanical forces into usable 
energy through advanced piezoelectric materials such as zinc 
oxide (ZnO) nanowires,[15] polyvinylidene fluoride (PVDF),[16] 
and biocompatible composites.[17,18] Recent breakthroughs in 
flexible and stretchable designs enable PENG to conform to dy-
namic biological tissues, thereby powering sensors that moni-
tor vital signs,[19] biochemical markers, and even cellular-level 
activity.[20–22] For instance, wearable devices integrating PENG 
can detect arrhythmias by analyzing heart vibrations,[10,23] while 
implantable variants can monitor blood glucose levels in dia-
betic patients through vascular pressure fluctuations.[24–26] This 
self-powered capability not only enhances diagnostic accuracy 
but also eliminates the risks associated with battery leakage or 
the need for surgical battery replacement.

The integration of PENG with biomedical diagnostics heralds 
a future of autonomous, patient-centered healthcare. Through 
synergy with emerging technologies such as artificial intelligence 
(AI)[27–31] and wireless communications,[32–34] PENG-driven 
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systems can facilitate real-time data analysis,[35,36] early disease 
detection,[10,37–40] and adaptive therapeutic interventions.[11,41] 
Furthermore, advances in environmentally friendly materials, 
such as biodegradable polymers and lead-free piezoelectric ma-
terials, align these devices with global sustainable development 
goals by reducing electronic waste and toxicity.[42–44] Despite 
these promising advancements, several challenges remain. Opti-
mizing energy conversion efficiency, ensuring long-term biocom-
patibility, and scaling up production for widespread adoption 
are critical areas that require further research and development. 
This article delves into the principles of piezoelectric materials 
and the mechanisms of PENG. It also provides an overview of 
synthesis strategies for PENG, highlighting their current appli-
cations in various fields, including cardiovascular monitoring, 
respiratory detection, muscle movement analysis, metabolic 
tracking, neural brain activity, and wound healing. Finally, the 
article addresses the existing challenges and proposes potential 
solutions to overcome them, paving the way for the broader 
implementation of PENG technology in biomedical diagnostics.

2. Fundamental of piezoelectricity

2.1 Piezoelectric effect and mechanism

The piezoelectric effect is a fascinating phenomenon in phys-
ics and materials science that describes the ability of certain 
materials to generate an electric charge when subjected to me-
chanical stress.[45,46] Discovered by brothers Pierre and Jacques 
Curie in 1880, this effect has since been widely studied and 
applied.[47,48] The piezoelectric effect predominantly occurs in 
materials with noncentrosymmetric crystal structures, such as 
quartz, lead zirconate titanate (PZT), and PVDF.[49,50] When 
these materials experience mechanical stress, their crystal lat-
tices deform, leading to a relative displacement of the centers 
of positive and negative charges, thereby forming electric di-
poles.[45,51] This separation of charges generates a potential 
difference across the material, resulting in a measurable volt-
age.[15,52] It is important to note that the piezoelectric effect 
is reversible.[51,53] This means that such materials can also 
undergo mechanical deformation when an external electric 
field is applied—a property known as the inverse piezoelectric 
effect.[54,55] The microscopic mechanism underlying the piezo-
electric effect is intimately linked to the crystal structure of the 
material.[56,57] In noncentrosymmetric crystals, the distribution 
of positive and negative charges is inherently asymmetric.[58,59] 
The direct piezoelectric effect is essentially the process of con-
verting mechanical energy into electrical energy. When an ex-
ternal force is applied, the deformation of the lattice further 
amplifies this asymmetry, and the polarization strength of the 
crystal is:

P = dσ

where d is the piezoelectric constant, the unit is C/N, σ is the 
stress, the unit is N/m2.[60,61] This polarization creates an elec-
tric field, which can generate an electric current if the materi-
al is connected to an external circuit.[62,63] Conversely, when an 
electric field is applied, the dipoles within the material realign 
themselves, resulting in mechanical deformation.[62,64] This bidi-
rectional energy conversion capability makes piezoelectric mate-
rials highly versatile for a wide range of applications.

The piezoelectric effect has important practical applications 
across various fields. In sensing and actuation, piezoelectric 
materials are utilized in devices such as accelerometers,[65–67] 

pressure sensors,[68–70] and ultrasonic transducers.[71–74] In ener-
gy harvesting, they are employed in nanogenerators to convert 
mechanical energy generated by vibrations, footsteps, or oth-
er movements into electrical energy.[75,76] Within the medical 
field, piezoelectric materials play a critical role in ultrasound 
imaging,[77–79] piezoelectric motors,[80–82] and implantable devic-
es.[83–85] Additionally, they are used in acoustic devices such as 
speakers,[86,87] microphones,[88,89] and sonar systems.[90,91] The 
ability to convert mechanical energy into electrical energy and 
vice versa makes piezoelectric materials indispensable in modern 
technology. In the realm of biomedical diagnostics, the piezo-
electric effect and devices based on piezoelectric materials, such 
as PENG, have shown remarkable potential. A PENG is a device 
that can convert mechanical energy (such as vibration, pressure, 
or movement) into electrical energy.[92] In biomedical applica-
tions, PENG can harvest energy from physiological activities of 
the human body (such as heartbeat, breathing, or blood flow) 
and convert it into electrical signals.[92,93] This capability allows 
PENG to develop self-powered medical devices, PENG can be 
integrated into wearable devices for real-time monitoring of vi-
tal signs such as heart rate (HR),[10,37] blood pressure,[29,94] or 
respiratory rate.[95–97] Moreover, PENG can be used in implant-
able devices to detect abnormalities in organ function.[10,98] The 
advantages of PENG in biomedical diagnostics lie in their high 
sensitivity, compact size, and the absence of an external power 
supply. These features make PENG highly suitable for contin-
uous and noninvasive health monitoring. For example, PENG 
can harvest energy from the natural movements of the human 
body,[99] thereby reducing dependence on batteries, extending 
the life of devices, and improving patient comfort.[11] Addition-
ally, PENG can be combined with other sensing technologies to 
detect biomarkers[100,101] or environmental parameters,[102] thus 
supporting early disease diagnosis and personalized treatment.

2.2 Overview of piezoelectric materials

Piezoelectric materials are fascinating substances with unique 
properties: they can generate an electric charge in response to 
mechanical stress or, conversely, deform when subjected to an 
electric field.[62] This dual functionality makes them essential in 
a variety of scientific, industrial, and technological applications. 
The Curie brothers first observed the piezoelectric effect in crys-
tals such as quartz in the late 19th century, where mechanical 
stress leads to the generation of an electric charge.[103,104] Since 
then, researchers have discovered and synthesized a number of 
materials with piezoelectric properties, greatly expanding their 
uses.

One of the most notable features of piezoelectric materials is 
their ability to convert mechanical energy into electrical energy 
and vice versa.[105] This property is used in a wide range of devic-
es, such as piezoelectric sensors,[106,107] actuators,[80,82] transduc-
ers,[54,108] and even energy harvesters.[109,110] Piezoelectric sensors 
are often used in pressure sensors, accelerometers, and ultra-
sonic devices because of their high sensitivity and fast response 
time.[111] Piezoelectric actuators, on the other hand, are used in 
precision positioning systems, valves, and switches.[80] Piezoelec-
tric materials are able to deform with extreme precision and 
speed, which makes them invaluable in applications where fine 
control is crucial. In the field of energy harvesting, piezoelec-
tric materials can convert ambient vibrations and mechanical 
motion into electrical energy.[112] This technology is particularly 
useful for powering small electronic devices and sensors in re-
mote or hard-to-reach places.[113] Piezoelectric materials come in 
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a variety of forms, including organic, inorganic, and composite 
materials (Figure 1). Each type has its own unique properties 
and characteristics that make it suitable for different applica-
tions, as shown in Table 1. For example, PZT is a widely used 
ceramic material known for its high piezoelectric coefficient and 
excellent electromechanical coupling.[114–116] PVDF is a popular 
piezoelectric polymer that is flexible and biocompatible, mak-
ing it ideal for wearable devices, medical sensors, and energy 
harvesting applications.[114,117,118] In recent years, researchers 
have also explored the potential of new types of materials, such 
as two-dimensional (2D) materials (eg., graphene),[119] organic 
crystals,[120,121] and nanowires[122,123] with enhanced piezoelectric 
properties. These advances have opened up new possibilities 
for developing more efficient and versatile piezoelectric devices. 

Despite their many advantages, piezoelectric materials also have 
some limitations. For example, they are sensitive to temperature 
changes,[124] humidity,[125] and mechanical fatigue,[126,127] which 
can affect their performance over time. Researchers are actively 
working to address these challenges through material design,[128] 
processing techniques, and device optimization.[129] In summary, 
piezoelectric materials play a vital role in modern technology 
and continue to drive innovation in a variety of fields. Their 
unique ability to convert mechanical energy into electrical en-
ergy and electrical energy into mechanical energy makes them 
indispensable in a wide range of applications, from sensors and 
actuators to energy harvesting devices. As research in this field 
progresses, we can expect to see even more exciting develop-
ments and applications of piezoelectric materials in the future.

Figure 1.  Overview of piezoelectric materials. Reproduced with permission from Liao et al.[130] Copyright 2013, Elsevier. Reproduced with permission from 
Zheng et al.[131] Copyright 2022, IOP Publishing. Reproduced with permission from Rajala et al.[132] Copyright 2016, American Chemical Society. Reproduced 
with permission from Zheng et al.[133] Copyright 2012, Elsevier. Reproduced with permission from Chen et al.[134] Copyright 2010, American Chemical Society. 
Reproduced with permission from Chen et al.[135] Copyright 2018, American Chemical Society. Reproduced with permission from Du et al.[136] Copyright 2022, 
Tsinghua University. Reproduced with permission from Wang et al.[137] Copyright 2024, American Chemical Society. Reproduced with permission from He et 
al.[138] Copyright 2017, Elsevier.

Table 1

Classification of piezoelectric materials for PENG.

Material type Examples Advantages Limitations

Inorganic piezoelectric 
materials

Lead-based 
ceramics

PZT Ultrahigh piezoelectric coefficient; excellent electromechanical 
coupling; superior thermal stability

Lead toxicity; brittleness; high-energy 
processing

Lead-free 
ceramics

BaTiO
3
, KNN, ZnO Eco-friendly and biocompatible; tunable nanostructures; 

semiconductor compatibility
Moderate performance; complex 

synthesis; lower Curie temperatures
Single crystals Quartz, LiNbO

3
Near-zero hysteresis; extreme chemical/thermal resilience; 

frequency stability
Very low d

33
; high cost; difficult 

machining
Organic piezoelectric 

materials
Synthetic 

polymers
PVDF Exceptional flexibility; biocompatible; easy processing Low d

33
; requires poling for β-phase

Biopolymers Collagen, PLLA Biodegradable; native tissue compatibility; sustainable sourcing Very weak piezoelectricity; humidity 
sensitivity; poor mechanical strength

Piezoelectric 
composites

Ceramic-polymer 
hybrids

PZT/PVDF, BaTiO
3
/

PMMA, ZnO/PVDF
Balanced performance-flexibility; lightweight and scalable; 

multifunctionality
Interfacial defects; lead contamination 

risk; polymer aging/creep
Advanced 

hybrids
MXene/PLA Multimodal coupling (piezo/photo/thermal); molecularly 

engineered performance; neural/cellular interfacing capability
Immature mass production; high cost; 

unverified long-term biosafety
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2.2.1 Inorganic piezoelectric materials

Inorganic piezoelectric materials, including ceramics and single 
crystals, are central to modern electromechanical systems due 
to their high piezoelectric coefficients, thermal stability, and ef-
ficient energy conversion capabilities.[139,140] Their functionality 
arises from noncentrosymmetric crystal structures that enable 
polarization under mechanical or electrical stimuli. These mate-
rials are broadly categorized into lead-based ceramics, lead-free 
ceramics, and single crystals,[139–141] each with distinct perfor-
mance profiles and application scopes.
		 Lead-based ceramics: PZT remains the most widely utilized 

piezoelectric ceramic due to its outstanding piezoelectric 
coefficient and electromechanical coupling efficiency, at-
tributed to its perovskite lattice structure. It is extensively 
used in high-performance applications such as ultrason-
ic transducers, precision actuators, and energy harvest-
ers.[142,143] However, its brittleness and lead content raise 
environmental and regulatory concerns, limiting its use in 
flexible or biomedical systems.

		 Lead-free ceramics: To address the toxicity of lead-based 
materials, alternatives such as barium titanate (BaTiO3), 
potassium sodium niobate (KNN), and ZnO have gained  
attention.[144] BaTiO3 offers moderate piezoelectric perfor-
mance and biocompatibility, making it suitable for eco-friendly  
devices, including biomedical sensors and consumer elec-
tronics.[145–148] KNN exhibits enhanced properties through 
morphotropic phase boundaries, although it requires strin-
gent control of composition and processing.[149] ZnO, with 
its wurtzite structure, is well suited for nanoscale devices 
due to its ability to form nanowires and thin films.[150,151] 
Gallium nitride (GaN), another wurtzite-structured materi-
al, provides high piezoelectricity, thermal stability, and com-
patibility with semiconductor technologies, supporting its 
integration into compact, high-performance PENG.[152–154]

		 Single crystal piezoelectric materials: Single crystal piezo-
electric materials, such as quartz (SiO₂) and lithium niobate 
(LiNbO₃), offer unparalleled thermal and chemical stabil-
ity.[155] Quartz, a naturally occurring piezoelectric crystal, 
operates reliably over a wide temperature range and exhib-
its near-zero hysteresis, making it an indispensable material 
in frequency control devices.[156]

2.2.2 Organic piezoelectric materials

The functionality of organic piezoelectric materials arises from 
the molecular asymmetry and dipole alignment within their 
polymer chains or crystalline phases.[157] In contrast to inorgan-
ic ceramics, which depend on rigid lattice structures, organic 
materials achieve piezoelectricity through mechanisms such as 
polarization (alignment of dipoles under an electric field) or me-
chanical stretching.[158] This inherent structural and processing 
flexibility enables organic materials to conform to curved sur-
faces, endure repeated strains, and safely interface with biolog-
ical tissues.[159,160] Consequently, organic piezoelectric materials 
have become pivotal in the advancement of biomedical diag-
nostic technologies, particularly in the development of PENG. 
Unlike their inorganic counterparts, organic piezoelectric ma-
terials—primarily polymers and biopolymers—exhibit unpar-
alleled flexibility, lightweight properties, and biocompatibility, 
making them highly suitable for integration with biological sys-
tems.[120,160] These materials effectively bridge the gap between 
rigid electronic systems and the soft, dynamic properties of 

human tissue, thereby driving innovations in wearable health 
monitors,[150,161] implantable sensors,[84,151] and biodegradable 
diagnostic devices.[42,84] By converting mechanical energy from 
physiological movements (such as muscle contraction, blood 
flow, or breathing) into electrical signals, organic piezoelectric 
materials facilitate self-powered systems that eliminate the need 
for external batteries, minimize device footprint, and enhance 
patient comfort.[162]

PVDF is the most widely used organic piezoelectric polymer, 
renowned for its strong piezoelectric response and versatili-
ty.[163] Its piezoelectricity is derived from the arrangement of 
β-phase crystals, which can be induced through polarization,  
stretching, or nanostructuring. The β-phase configuration 
generates a net dipole moment, enabling charge generation 
under mechanical stress.[164] PVDF’s flexibility, chemical re-
sistance, and biocompatibility make it an ideal choice for 
wearable and implantable devices. For instance, PVDF films 
embedded in textiles can harvest energy from limb move-
ments,[165] while ultrathin PVDF films laminated onto the skin 
can monitor vital signs such as pulse and respiration.[166,167] 
Recent advancements include doping PVDF with nanoparti-
cles (eg., graphene, ZnO) to enhance its β-phase content and 
piezoelectric output, thereby expanding its applicability in 
highly sensitive biosensors.[168]

Biopolymers represent a subclass of organic piezoelectric ma-
terials that are sustainable and biocompatible. Collagen, a struc-
tural protein found in connective tissue, exhibits weak intrinsic 
piezoelectricity due to its helical molecular arrangement.[169] 
Similarly, cellulose and chitin, derived from plants and crus-
taceans, respectively, generate small amounts of charge under 
mechanical stress.[170] Although they possess low piezoelectric 
coefficients, their biodegradability and natural compatibility 
with human tissue render them promising candidates for tran-
sient diagnostic implants.[171] Poly(L-lactic acid) (PLLA), a bio-
degradable polymer derived from renewable resources, offers an 
environmentally friendly alternative to traditional piezoelectric 
materials.[172,173] Although PLLA has a relatively low piezoelec-
tric coefficient compared to other polymers such as PVDF or 
inorganic materials, its flexibility, lightweight properties, and 
biocompatibility make it ideal for wearable electronics and 
biomedical diagnostic applications.[172,174] For example, PLLA-
based PENG has demonstrated potential in biological appli-
cations such as electronic skin,[175] energy harvesting,[176] and  
neural stimulation.[177,178] Collagen-based PENG can be surgi-
cally implanted to monitor bone healing[179,180] and gradually 
dissolve as tissue regenerates.[181]

2.2.3 Piezoelectric composites

Piezoelectric composites represent a class of advanced materi-
als that synergistically combine the advantageous properties of 
inorganic piezoelectric fillers with those of organic matrices.[182] 
These composites are meticulously engineered to leverage the 
high piezoelectric coefficients of inorganic materials alongside 
the flexibility, lightweight nature, and biocompatibility of or-
ganic polymers.[183] By integrating inorganic fillers into organ-
ic matrices, piezoelectric composites address the limitations of 
traditional piezoelectric materials, such as the brittleness of ce-
ramics and the lower piezoelectric performance of polymers.[184] 
This unique combination renders them highly suitable for appli-
cations in energy harvesting, sensing, and biomedical diagnos-
tics, particularly in the development of PENG.
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PMMA/BaTiO3 piezoelectric composites combine the optical 
clarity, flexibility, and biocompatibility of PMMA with the lead-
free piezoelectric properties of BaTiO3.

[185] By dispersing Ba-
TiO3 nanoparticles or nanowires within a PMMA matrix, these 
composites achieve a balance of moderate piezoelectric activity 
and mechanical adaptability, making them ideal for biomedical 
and environmentally friendly applications. The PMMA matrix 
ensures a lightweight, compliant structure that can seamlessly 
interface with human tissue, while BaTiO3 provides the neces-
sary electromechanical coupling to harvest energy from low- 
frequency biomechanical sources such as joint motion or  
arterial pulsation.[185]

ZnO/PVDF piezoelectric composites represent another 
promising material system for PENG, combining the excellent 
piezoelectric properties of ZnO with the flexibility, lightness, 
and biocompatibility of PVDF.[186] These composites exploit the 
piezoelectric properties of ZnO nanostructures (eg., nanow-
ires[187,188] or nanoparticles[189,190]) to effectively convert mechan-
ical energy generated by vibrations, pressure, or motion into 
electrical energy, while the PVDF matrix provides the flexibility 
and durability needed for integration into wearable or implant-
able devices.[190] For example, the shear stress generated by ul-
trasonic impact between ZnO and PVDF can transform the α 
phase of PVDF into the polar β phase, thereby enhancing the 
piezoelectricity and output power of the PENG.[191]

Recent innovations in piezoelectric composites leverage mo-
lecular engineering and structural design to overcome historical 
limitations. Biocompatible amino acid crystals and modified 
PLLA systems now enable transient implants with enhanced 
piezoelectric performance, prioritizing biodegradability and 
eliminating toxic components.[192,193] Concurrently, MXene- 
based hybrids demonstrate multifunctional synergy, combining 
photothermal, electrical, and biochemical properties for targeted 
cancer therapy,[193] oxidative stress modulation,[194] and neural 
interface engineering.[195] Breakthroughs in peptide-based bio-
materials reveal new pathways for high-performance piezoelec-
tric response through computationally guided molecular design. 
Advanced fabrication strategies employing nanoconfinement 
and in situ polarization achieve crystalline alignment at scale, 
while self-assembled microstructures confer tissue-like mechan-
ical compliance.[196–198] These integrated approaches, spanning 
molecular control, domain alignment, and microarchitectural 
innovation, collectively address the traditional constraints of 
weak electromechanical coupling, polarization randomness, and 
rigidity. The convergence of biocompatible polymers, MXene 
nanocomposites, and structurally engineered biomaterials thus 
establishes a versatile platform for next-generation implantable 
and wearable devices.

2.3 Outlook on piezoelectric materials

Fueled by advancements in materials science, nanotechnology, 
and interdisciplinary innovation, piezoelectric materials are 
poised to play a transformative role in the evolution of ener-
gy harvesting, sensing, and biomedical technologies. As the de-
mand for sustainable, self-powered systems intensifies across 
various industries, the development of next-generation piezo-
electric materials will focus on overcoming existing limitations 
while unlocking new capabilities. Key trends shaping the future 
of this field include the adoption of lead-free and biocompatible 
materials, the integration of hybrid and composite systems, and 
the convergence of piezoelectrics with emerging domains such 
as flexible electronics and AI.

2.3.1 Lead-free and sustainable solutions

Environmental and health concerns are driving the transition 
away from lead-based piezoelectrics towards eco-friendly alter-
natives. Lead-free ceramics are being optimized through doping, 
texturing, and nanostructuring to achieve performance levels 
comparable to their toxic counterparts.[199] Additionally, organ-
ic polymers such as PVDF and PLLA, as well as biopolymers 
like cellulose and chitin, are gaining traction for biodegradable, 
implantable, and wearable applications.[200] Future research will 
prioritize scalable synthesis methods such as three-dimensional  
(3D) printing and green chemistry to produce cost-effective, 
high-performance lead-free materials for widespread use in con-
sumer electronics, medical devices, and Internet of Things (IoT) 
sensors.

2.3.2 Hybrid and composite systems

Composites that combine inorganic fillers with organic polymers 
bridge the gap between flexibility and efficiency. These hybrid 
materials leverage the high piezoelectric coefficients of ceram-
ics while maintaining the mechanical adaptability of polymers, 
making them ideal for deformable sensors, energy-harvesting  
textiles, and implantable diagnostics. Innovations in nano-
structures, such as aligned nanowires, core-shell structures, and 
2D material interfaces, will enhance stress transfer and charge 
collection in composites. Furthermore, hybrid systems that in-
tegrate piezoelectric, triboelectric, and thermoelectric effects 
are emerging to harvest energy from multiple ambient sources, 
thereby improving overall efficiency and reliability.

2.3.3 Nanotechnology and miniaturization

Nanomaterials, including GaN nanowires and ZnO nanofibers, 
enable the miniaturization of piezoelectric devices, paving the 
way for applications in microscale biomedical diagnostics and 
ultra-low power electronics. Nanostructured piezoelectric ma-
terials exhibit a high surface area to volume ratio, which can 
enhance sensitivity to minute mechanical stimuli such as cell 
movement or subtle vibrations.[159] Advances in nanofabrication 
techniques, such as electrospinning and atomic layer deposition, 
will enable precise control of material morphology, facilitating 
the development of ultrathin, transparent, stretchable PENG for 
next-generation wearable devices and smart implants.

2.3.4 Integration with AI and IoT

The integration of piezoelectric materials with AI-driven analyt-
ics and IoT networks is revolutionizing real-time health mon-
itoring and predictive maintenance. Self-powered piezoelectric 
sensors can continuously collect biomechanical or structural 
data and transmit them wirelessly for cloud-based analysis. 
Machine learning (ML) algorithms will enhance the interpreta-
tion of piezoelectric signals, enabling early detection of medical 
anomalies or mechanical failures in infrastructure. This synergy 
will drive the development of autonomous intelligent systems 
that operate without human intervention, thereby reducing en-
ergy consumption and operating costs.

Realizing the biomedical potential of piezoelectric materi-
als requires fabrication methods that preserve their electro-
mechanical properties while enabling structural flexibility and 
biocompatibility. Diverse techniques have thus been developed 
to meet the performance and application-specific demands of 
PENG.
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3. Fabrication strategies for PENG

3.1 Fabrication methods

The performance and scalability of PENG depend on fabrication 
methods tailored to material properties and applications. Table 2 
summarizes key techniques, including sputtering, sol–gel spin 
coating, CVD, hydrothermal synthesis, electrospinning, nano-
imprint lithography (NIL), solution casting, 3D printing, and  
poling. Each method offers unique advantages: sputtering 
and CVD produce high-quality films, hydrothermal synthesis  
and sol–gel coating enable cost-effective processing, and electro-
spinning and NIL enhance flexibility and performance. While 
solution casting and 3D printing offer design versatility, poling 
is essential for optimizing piezoelectric properties. The selection 
of a fabrication technique depends on the specific application 
and performance requirements.

3.1.1 Sputtering/physical vapor deposition

Sputtering, a form of physical vapor deposition (PVD), is an 
efficient and versatile method for fabricating PENG (Figure 2A). 
This technique involves the ejection of atoms from a solid target 
material through the impact of high-energy ions within a vacu-
um chamber.[201] These ejected atoms are subsequently deposited 
onto a substrate, forming a thin, uniform film.[201] Sputtering 
is particularly suitable for PENG fabrication due to its ability 
to produce high-quality, dense, and adherent films with precise 
control over thickness and composition.[202] This method is ex-
tensively employed for the deposition of piezoelectric materials 
such as ZnO,[203] aluminum nitride (AlN),[204] and PZT,[205] as 
well as conductive electrodes including gold (Au)[206] and indium 

tin oxide (ITO).[207] Consequently, sputtering has become a cor-
nerstone technology for the fabrication of efficient and durable 
PENG. Its compatibility with flexible substrates such as poly-
ethylene terephthalate (PET) and PDMS further facilitates the 
development of wearable and implantable devices, broadening 
the potential applications of PENG in healthcare, IoT, and envi-
ronmental monitoring.[208]

The advantages of sputtering for PENG fabrication are sub-
stantial. It offers high precision in controlling film thickness at 
the nanoscale, ensuring optimal piezoelectric performance. The 
process is versatile, capable of depositing a wide range of ma-
terials, and is scalable for industrial production. Additionally, 
sputtering can be performed at low temperatures, making it 
suitable for temperature-sensitive substrates. Nevertheless, the 
method is not without its challenges. The high cost of equipment 
and target materials, the complexity of maintaining a vacuum 
environment, and the need for precise control of process param-
eters can present significant barriers.[209] Moreover, sputtered 
films may develop internal stresses that impact device perfor-
mance, and deposition rates can be slower compared to oth-
er methods, such as spin coating.[210] Despite these drawbacks, 
ongoing advancements in sputtering technology, including the 
development of environmentally friendly materials and hybrid 
manufacturing techniques, are addressing these limitations and 
enhancing its applicability.

3.1.2 Sol–gel spin coating

The sol–gel spin-coating method offers a versatile and cost- 
effective approach for the fabrication of thin, uniform piezoelec-
tric films (Figure 2B). This technique allows for precise control 

Table 2

Comparison of fabrication methods for PENG.

Method Principle Material compatibility Advantages Limitations Main applications

Sputtering/PVD Ejection of target atoms via ion 
bombardment, followed by 
deposition on a substrate

Inorganic materials (ZnO, 
AlN, PZT), metallic 
electrodes (Au, ITO)

High-quality, dense films; 
precise thickness 
control; scalable

High equipment cost; slow 
deposition rate; internal 
stress issues

Implantable devices, MEMS 
sensors, wearable 
electronics

Sol–gel spin 
coating

Deposition of precursor solution 
followed by thermal annealing

Oxides (ZnO, PZT, 
BaTiO

3
); composite 

films (ceramic-polymer 
hybrids)

Uniform coating; tunable 
composition; compatible 
with flexible substrates

Residual organics may 
degrade properties; 
adhesion issues under 
stress

Flexible sensors, self-
powered skin patches, 
biointegrated devices

Chemical vapor 
deposition

Gas-phase chemical reactions for 
thin film growth

High-purity inorganic films 
(ZnO, AlN, MoS

2
)

Superior crystallinity; 
excellent adhesion; high 
performance

High-temperature process 
limits flexible substrate 
compatibility

High-performance 
sensors, MEMS devices, 
nanogenerators

Hydrothermal 
synthesis

Crystallization of nanostructures 
from aqueous solutions under 
high pressure and temperature

ZnO nanowires, BaTiO
3
 

nanoparticles, hybrid 
materials

Low-temperature 
processing; scalable; 
tunable nanostructures

Long reaction time; difficult 
to achieve large-area 
uniformity

Wearable energy harvesters, 
biomedical sensors, eco-
friendly devices

Electrospinning High-voltage field stretches 
polymer solutions into 
nanofibers

Polymers (PVDF, PVDF-TrFE), 
hybrid nanofibers (PVDF, 
BaTiO

3
, ZnO)

High surface area; 
scalable; easy 
integration with other 
materials

Fiber alignment control 
is challenging; solvent 
toxicity concerns

Smart textiles, artificial skin, 
motion energy harvesters

Nanoimprint 
lithography

Stamping nanoscale patterns 
onto polymer surfaces

Piezoelectric polymers 
(PVDF, PVDF-TrFE), hybrid 
materials

High resolution; cost-
effective for mass 
production

High-quality molds are 
expensive; large-area 
uniformity is challenging

Tactile sensors, haptic 
interfaces, flexible 
electronics

Solution casting 
and mixing

Dissolution of piezoelectric 
materials in solvents, then 
casting into films

Polymers (PVDF, PVDF-TrFE); 
composites (BaTiO

3
, ZnO, 

graphene-based)

Easily scalable; 
customizable properties 
with fillers

Solvent toxicity; challenges 
in optimizing β-phase 
alignment

Energy-harvesting films, 
self-powered sensors, 
smart textiles

3D printing/
additive 
manufacturing

Layer-by-layer deposition of 
piezoelectric materials

Polymers (PVDF, PVDF-TrFE), 
ceramics (BaTiO

3
, ZnO), 

hybrid inks

Highly flexible design; rapid 
prototyping; compatible 
with multimaterials

Lower resolution; mechanical 
properties may not match 
traditional methods

Customized implants, 
electronic prosthetics, 
wearable devices

Poling 
techniques

Application of an electric field to 
align dipoles in piezoelectric 
materials

Polymers (PVDF, PVDF-TrFE), 
ceramics (PZT, BaTiO

3
), 

composites

Enhances piezoelectric 
performance; applicable 
to various materials

Requires high voltage; 
difficult to achieve uniform 
polarization

High-efficiency energy 
harvesters, soft robotics, 
precision sensors
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over film thickness and composition by depositing precursor 
solutions, such as zinc acetate for ZnO[211] or lead-based com-
pounds for PZT,[212] onto both flexible and rigid substrates. The 
process comprises 3 primary stages: sol preparation, spin coat-
ing, and thermal treatment. During the annealing stage, the film 
crystallizes, thereby activating its piezoelectric properties.[213] 
However, challenges arise in balancing the high-temperature re-
quirements for optimal crystallinity with the thermal constraints 
of flexible substrates. Recent advancements, including low- 
temperature annealing and ultraviolet (UV)-assisted curing for 
ZnO films, have improved compatibility with temperature- 
sensitive materials, making this method particularly suitable for 
wearable and implantable devices.[214]

Despite its advantages, such as scalability and uniformity, 
the sol–gel spin-coating method faces several challenges. These 
include the presence of residual organic solvents, which can de-
grade electrical properties, and adhesion issues under mechani-
cal stress. Innovations such as composite formulations that mix 
polymers with ceramic nanoparticles have been developed to 

enhance flexibility and piezoelectric response while mitigating 
brittleness.[215] The integration of electrodes remains a critical 
aspect, with flexible options such as silver nanowires or conduc-
tive polymers ensuring durability in dynamic applications.[216] 
Case studies, such as a ZnO-based PENG on a PET substrate, 
have demonstrated practical outputs of 1–5 V under bending 
stress, making them suitable for powering low-energy wearable 
sensors.[217]

3.1.3 Chemical vapor deposition

Chemical vapor deposition (CVD) is a critical technology for the 
fabrication of high-performance PENG, offering unparalleled 
advantages in terms of material quality and precision. By en-
abling the deposition of uniform, high-purity piezoelectric films 
such as ZnO[218] and AIN,[219] CVD ensures optimal crystallini-
ty and adhesion—key factors for enhancing energy conversion 
efficiency and device durability[220] (Figure 2C). The method al-
lows for precise control over film thickness and composition, 

Figure 2.  The fabrication methods of PENG. (A) A schematic cross-section of a typical electron beam evaporator. Reproduced with permission from Rockett[201] 
Copyright 2008, Springer Science Business Media. (B) Photograph of automatic sol–gel deposition apparatus. Reproduced with permission from Lo Presti et 
al.[253] Copyright 2024, MDPI. (C) Schematic diagram of CVD experimental setup. Reproduced with permission from Wang et al.[254] Copyright 2024, MDPI. (D) 
Schematic diagram of hydrothermal synthesis. Reproduced with permission from Liu et al.[223] Copyright 2024, Royal Society of Chemistry. (E) Schematic dia-
gram of electrostatic spinning. Reproduced with permission from Xue et al.[229] Copyright 2019, American Chemical Society. (F) Schematic process of (a) polymer 
mold fabrication from a master and (b) UV nanoimprint with the polymer mold. Reproduced with permission from Lan and Liu[236] Copyright 2009, Elsevier. (G) 
The synthesis route (sol–gel method) of HA. Reproduced with permission from Markuniene et al.[241] Copyright 2023, MDPI. (H) Schematic illustration of the 
electric field-assisted FDM 3D printing system. Reproduced with permission from Li et al.[243] Copyright 2020, Wiley-VCH. (I) Poling process. Reproduced with 
permission from Rotan et al.[250] Copyright 2020, Elsevier.
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facilitating the customization of piezoelectric properties, thus 
making it ideal for applications demanding high reliability, such 
as industrial sensors and implantable medical devices. Despite 
these numerous advantages, CVD faces challenges, including the 
high operating temperatures required, which can limit its com-
patibility with flexible substrates commonly used in wearable 
PENG. Innovative approaches such as plasma-enhanced CVD 
address this limitation by enabling low-temperature process-
ing, thereby expanding the technology’s applicability in flexible  
electronics.[221] Moreover, nanostructured materials, such as  
vertically aligned ZnO nanowires grown via CVD, have demon-
strated enhanced piezoelectric performance due to increased 
surface area and strain sensitivity.[222] These advancements un-
derscore the potential of nanostructures to significantly advance 
PENG technology.

3.1.4 Hydrothermal synthesis

Hydrothermal synthesis is an efficient and environmentally 
friendly manufacturing technique that offers a cost-effective and  
scalable approach to growing high-quality piezoelectric nano-
structures[223] (Figure 2D). This method involves the crystallization  
of materials from aqueous solutions at elevated temperatures 
and pressures within a sealed autoclave.[224] Hydrothermal  
synthesis is particularly well-suited for producing ZnO nanow-
ires,[225] BaTiO₃ nanoparticles,[226] and other piezoelectric mate-
rials with controlled morphology and excellent crystallinity.[227] 
Its widespread adoption in PENG fabrication is attributed to its 
ability to create nanostructures with high surface area and en-
hanced piezoelectric properties, which are essential for efficient 
energy harvesting. One of the primary advantages of hydrother-
mal synthesis is its simplicity and cost-effectiveness.[224] Unlike 
high-temperature methods such as CVD, hydrothermal synthe-
sis operates at relatively low temperatures, making it compatible 
with a diverse range of substrates, including flexible polymers 
and temperature-sensitive materials.[228] This compatibility facil-
itates the development of flexible and wearable PENG for ap-
plications such as health monitoring and self-powered sensors. 
Additionally, the process is environmentally benign, typically 
utilizing water as a solvent and thereby avoiding the use of toxic 
chemicals or complex vacuum systems. The ability to precisely 
control the size, shape, and arrangement of the nanostructures 
through parameters such as temperature, pH, and reaction time 
further enhances the method’s attractiveness for PENG fabrica-
tion. Despite the numerous benefits of hydrothermal synthesis,  
there are also certain limitations. The process can be time- 
consuming, often requiring several hours or even days to com-
plete. Additionally, achieving uniform growth over large areas 
can be challenging, potentially limiting its scalability for indus-
trial applications.

3.1.5 Electrospinning

Electrospinning offers a straightforward and cost-effective meth-
od for the production of nanofibers with exceptional piezoelectric 
properties (Figure 2E). This technique involves the application of 
a high-voltage electric field to a polymer solution or melt, which 
stretches the solution into ultrafine fibers that are subsequently 
deposited onto a collector.[229] Electrospinning is particularly ef-
fective for fabricating PVDF and its copolymers, such as polyvi-
nylidene fluoride-trifluoroethylene (PVDF-TrFE), into nanofibers 
with a high β-phase content, which is critical for achieving strong 
piezoelectric performance.[230] The resultant nanofibers exhibit 

high surface area, flexibility, and mechanical durability, making 
them ideally suited for flexible and wearable PENG. A key ad-
vantage of electrospinning is its ability to produce highly aligned 
and porous nanofiber mats, which enhance the piezoelectric re-
sponse and energy harvesting efficiency of PENG.[231] The tech-
nique allows for precise control over fiber diameter, alignment, 
and morphology by adjusting parameters such as voltage, flow 
rate, and collector design.[231,232] This flexibility facilitates the fab-
rication of customized nanostructures tailored to specific appli-
cations, including wearable electronics, biomedical devices, and 
environmental sensors. Moreover, electrospinning is compatible 
with a wide range of materials, including polymers, composites, 
and hybrid materials, enabling the incorporation of piezoelectric 
fillers such as ZnO nanoparticles or BaTiO₃ to further enhance 
performance.[233] The scalability and low cost of the technique 
also render it attractive for the mass production of PENG. De-
spite its numerous advantages, electrospinning faces challenges 
in achieving consistent fiber quality and uniform β-phase distri-
bution, particularly in large-scale production. The integration of 
electrospun layers with electrodes and encapsulation materials 
necessitates careful design to maintain structural integrity and 
functionality.[234] Additionally, the incorporation of nanofillers 
such as ZnO or BaTiO₃ to enhance piezoelectricity complicates 
solution preparation and dispersion, potentially leading to defects 
such as agglomeration.[235] Environmental and economic consider-
ations also arise due to the use of hazardous solvents and energy- 
intensive processes, underscoring the need for greener alternatives 
and sustainable practices.

3.1.6 Nanoimprint lithography

NIL represents an advanced manufacturing technique for the 
development of PENG, offering exceptional precision and scal-
ability in the fabrication of nanostructured piezoelectric ma-
terials (Figure 2F). This method involves pressing a patterned 
mold into a soft polymer or resin to replicate nanoscale features, 
which are subsequently cured using thermal or UV light.[236] NIL 
is particularly well-suited for patterning piezoelectric polymers, 
such as PVDF and its copolymers, as well as hybrid materials, 
to enhance their piezoelectric properties.[237] By creating well- 
defined nanostructures such as nanopillars, nanogratings, or nan-
odomes, NIL can significantly increase the surface area and strain  
sensitivity of piezoelectric films, thereby improving the energy 
conversion efficiency of PENG. One of the primary advantages 
of NIL is its high resolution and repeatability, which facilitates 
the large-scale production of nanostructured PENG with con-
sistent performance. Unlike traditional lithography methods, 
NIL does not depend on complex optical systems or expensive 
masks, making it a cost-effective solution for large-scale man-
ufacturing.[238] Additionally, NIL is compatible with a diverse 
range of substrates, including flexible polymers, silicon, and 
glass, making it suitable for both rigid and flexible PENG. This 
versatility has enabled its application in wearable electronics, 
biomedical devices, and environmental sensors, where precise 
nanostructuring is essential to optimize energy harvesting per-
formance. Furthermore, NIL can be integrated with other tech-
niques, such as sputtering or electrospinning, to create hybrid 
PENG with enhanced functionality.[239] Despite its numerous 
advantages, NIL faces several challenges. The process requires 
high-quality molds, which can be costly and time-consuming to 
fabricate. Moreover, achieving uniform imprinting over large 
areas can be challenging, potentially limiting its scalability for 
industrial applications.[240]
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3.1.7 Solution casting and mixing

Solution casting and mixing is a straightforward and cost- 
effective method for the fabrication of PENG, offering a versatile  
approach for producing piezoelectric thin films and composites 
(Figure 2G). This technique involves dissolving piezoelectric 
material, such as PVDF or its copolymers, in a solvent and sub-
sequently casting the solution onto a substrate to form a thin 
film.[241] Alternatively, piezoelectric fillers such as ZnO nanopar-
ticles, BaTiO₃, or graphene can be incorporated into a polymer 
solution to create a composite film with enhanced piezoelectric 
properties.[241] The advantages of solution casting include its 
simplicity, low cost, and compatibility with a wide range of ma-
terials and substrates, making it a popular choice for fabricating 
flexible and large-area PENG.[242] A key advantage of solution 
casting is its ability to produce uniform, flexible films with con-
trollable thickness, which is essential for wearable and implant-
able PENG.[242] The process facilitates the easy incorporation 
of additives or fillers to tailor the mechanical, electrical, and 
piezoelectric properties of the film. For instance, the addition of 
nanoparticles or conductive fillers can significantly enhance the 
energy output and durability of PENG.[241] Furthermore, solu-
tion casting is amenable to roll-to-roll processing, enabling scal-
able production of flexible PENG for applications such as smart 
textiles, health monitoring devices, and environmental sensors. 
The method’s simplicity and low equipment requirements also 
make it valuable for research and small-scale production. Nev-
ertheless, the process often necessitates the use of toxic solvents, 
which can pose environmental and health risks if not managed 
properly. Additionally, achieving high crystallinity and align-
ment of piezoelectric phases can be challenging, potentially lim-
iting the energy conversion efficiency of the film.[241]

3.1.8 3D printing/additive manufacturing

3D printing, also known as additive manufacturing, represents 
a revolutionary approach for the fabrication of PENG, offer-
ing unparalleled design flexibility, customization, and scalabili-
ty[243,244] (Figure 2H). This technology involves the layer-by-layer 
deposition of piezoelectric materials to create intricate 3D struc-
tures with precise control over geometry and functionality. 3D 
printing enables the fabrication of PENG with tailored shapes, 
sizes, and mechanical properties, making them well-suited for 
applications in wearable electronics, biomedical devices, and 
IoT sensors. The capability to print multifunctional materi-
als and integrate multiple components within a single process 
further enhances the potential of 3D printing in developing 
high-performance PENG. A significant advantage of 3D print-
ing is its ability to produce customized, complex designs that are 
challenging or infeasible to achieve with traditional manufactur-
ing methods. For example, 3D-printed PENG can be designed 
with optimized geometries (honeycomb or lattice structures, to 
maximize strain sensitivity and energy output).[245] Additional-
ly, 3D printing facilitates the direct integration of conductive 
electrodes and flexible substrates into the device, thereby simpli-
fying assembly and enhancing durability.[246] The technology is 
also highly scalable, with advancements in multimaterial print-
ing and high-speed printers making PENG viable for large-scale 
applications. Moreover, 3D printing supports the use of envi-
ronmentally friendly materials and biodegradable polymers, ad-
dressing the growing demand for sustainable energy harvesting 
solutions.[246] Despite these advantages, 3D printing faces certain 
challenges compared to traditional nanofabrication techniques. 
The resolution of 3D printed features is often limited, which can 

impact the performance of microscale PENG.[247] Furthermore, 
the mechanical and piezoelectric properties of 3D printed ma-
terials may not always match those of conventionally manufac-
tured materials, necessitating further optimization of printing 
parameters and material formulations.

3.1.9 Poling techniques

Poling techniques are critical for enhancing the piezoelectric 
properties of materials used in PENG, as they align the dipoles 
within the material to maximize its energy conversion efficiency. 
Poling involves the application of an external electric field to a 
piezoelectric material to orient its molecular or crystal dipoles 
in a uniform direction. This process is essential for activating the 
piezoelectric effect in materials that are inherently nonpolar or 
have randomly oriented dipoles.[248] Common poling methods 
include corona poling, thermal poling, and contact poling, each 
offering distinct advantages depending on the material and ap-
plication.[249] The primary benefit of poling techniques is their 
ability to significantly enhance the piezoelectric coefficient and 
energy output of PENG. For instance, corona poling, which uti-
lizes a high-voltage corona discharge, is particularly effective for 
thin films and flexible materials because it avoids direct con-
tact with the sample, thereby reducing the risk of damage[250] 
(Figure 2I). Thermal polling, which involves heating the materi-
al above its Curie temperature while applying an electric field, 
is widely used for ceramics such as PZT, as it more effectively 
aligns dipoles at elevated temperatures.[251] Contact poling, on 
the other hand, is a simpler method that applies an electric field 
directly through electrodes, making it suitable for bulk materials 
and rigid substrates.[252] These techniques facilitate the produc-
tion of high-performance PENG for applications ranging from 
wearable electronics to industrial sensors. However, the poling 
process typically requires high voltages and precise control of 
temperature and time, complicating manufacturing and increas-
ing costs. Additionally, achieving uniform polarization over 
large areas or complex geometries can be challenging, potential-
ly limiting the scalability of PENG.

3.2 Structural innovations

Structural innovations in PENG have revolutionized their  
design, enabling significant advancements in efficiency, 
adaptability, and integration across diverse applications. By 
reimagining device architectures, researchers have addressed 
long-standing challenges such as limited energy conversion 
efficiency, material brittleness, and scalability. Advanced lay-
ered and nanostructured designs have markedly improved 
the performance of PENG by optimizing their structural 
and functional properties. Vertical nanowire arrays, such 
as oriented ZnO or GaN nanowires grown on flexible sub-
strates, enhance surface area and strain sensitivity, thereby 
increasing charge separation under compressive stress and 
producing higher output voltages.[255] Electrospun nanofibers, 
particularly from piezoelectric polymers like PVDF or PVDF- 
BaTiO₃ composites, form porous, oriented mats that improve 
strain distribution and β-phase crystallinity, resulting in high-
er piezoelectric coefficients.[256] Core-shell structures, where 
a piezoelectric core is coated with a conductive shell (eg., 
graphene or silver nanoparticles), further enhance charge 
collection efficiency and reduce leakage current.[257] Collec-
tively, these innovative designs have significantly improved 
the energy conversion efficiency, mechanical adaptability, and 
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overall performance of PENG, making them highly suitable 
for applications in wearable electronics, energy harvesting, 
and sensing technologies.

Flexible and stretchable architectures have significantly ad-
vanced the development of PENG, transforming them into 
highly adaptable and durable energy-harvesting devices. The im-
plementation of wavy and kirigami patterns, achieved through 
prestrained substrates or laser-cut designs, allows PENG to 
endure strains exceeding 50% without performance degrada-
tion.[258] This capability is particularly advantageous for wear-
able sensors designed to monitor joint motion. Textile-integrated  
PENG, which incorporates piezoelectric fibers such as PVDF 
or nylon 11 into fabrics, enables energy harvesting from body 
motion while maintaining breathability and comfort, thereby 
seamlessly blending functionality with wearability.[183] Addition-
ally, island-bridge electrode designs utilize rigid piezoelectric “is-
lands” connected by stretchable serpentine electrodes, ensuring 
consistent performance even under extreme deformations.[259] 
These innovations in flexible and stretchable architecture sig-
nificantly broaden the potential applications of PENG, facilitat-
ing their integration into wearable electronics, soft robotics, and 
other applications that demand high mechanical adaptability 
and durability.

Hybrid and multilayer systems significantly enhance the 
performance and versatility of PENG by integrating multi-
ple energy harvesting mechanisms and optimizing structur-
al designs. Piezoelectric-triboelectric hybrids, such as PVDF 
and PDMS bilayer devices, combine PENG with triboelectric 
nanogenerators (TENG) to simultaneously harvest energy 
from mechanical strain and friction, thereby substantially 
increasing power density.[260] Multilayer stacks, composed of 
alternating piezoelectric and electrode layers, amplify charge 
generation by synchronizing the stress between multiple ac-
tive layers, resulting in enhanced overall efficiency.[261] Fur-
thermore, 3D-printed architecture enables the creation of 
complex geometries, such as honeycomb or lattice structures, 
which optimize stress distribution and resonant frequency 
for specific mechanical inputs.[262] These advancements in hy-
brid and multilayer systems expand the capabilities of PENG, 
making them more efficient and adaptable to a broad spec-
trum of applications, including wearable electronics and am-
bient energy harvesting.

Biomimetic and nature-inspired designs offer innovative ap-
proaches to enhance the functionality and integration of PENG. 
Bone-mimicking composites, which replicate the hierarchical 
structure of bones using materials such as hydroxyapatite and 
polymers, improve biocompatibility and mechanical elasticity, 
making them particularly suitable for implantable PENG.[263] 
Leaf vein-inspired fractal or branched electrode patterns opti-
mize charge collection efficiency in large-area devices by emulat-
ing the efficient nutrient distribution systems of plant leaves.[264] 
Additionally, mussel-inspired adhesives, in conjunction with  
dopamine-modified surfaces, enable PENG to adhere firmly to 
biological tissues such as skin or organs, ensuring stable and 
long-term monitoring capabilities.[265] These nature-inspired de-
signs not only enhance the performance and durability of PENG 
but also expand their potential applications in biomedical devic-
es, wearable sensors, and other fields requiring seamless integra-
tion with biological systems.

Advanced electrode engineering has significantly contrib-
uted to enhancing the performance, durability, and versa-
tility of PENG. Interdigitated electrodes with a comb-like 
pattern maximize the effective area for charge generation, 

thereby substantially increasing the output current of thin-film 
PENG.[266] Transparent electrodes, composed of materials such 
as ITO or graphene, facilitate the development of transparent 
PENG, which can be seamlessly integrated into applications like 
touch screens and smart windows.[267] Moreover, self-healing 
electrodes, utilizing materials such as liquid metals (eg., eutectic 
gallium-indium) or dynamic polymers, possess the capability to 
autonomously repair cracks induced by cyclic stress, thereby ex-
tending the operational lifespan of PENG.[268] These innovations 
in electrode design not only enhance the efficiency and reliabil-
ity of PENG but also broaden their applicability in transpar-
ent electronics, wearable devices, and environments demanding 
long-term durability.

Despite substantial advancements, PENG continues to 
face several challenges that must be addressed to fully real-
ize their potential. Scalability remains a significant issue, as 
many nanostructure designs, such as vertical nanowires, 
present difficulties in mass production. Durability is another 
concern, with repeated stress cycles potentially degrading the 
polymer-ceramic interface in composites, thereby limiting their 
long-term performance. Additionally, integrating PENG with 
energy storage systems, such as supercapacitors or batteries, 
to ensure a stable power supply remains a complex challenge 
that necessitates further innovation. Looking ahead, emerging 
trends offer promising opportunities for the future develop-
ment of PENG. These include four-dimensional (4D)-printed 
PENG with shape-morphing capabilities that can adapt to dy-
namic environments, AI-optimized designs that leverage ML 
to predict ideal geometries for specific applications, and the 
exploration of quantum piezoelectricity in 2D materials such 
as molybdenum disulfide (MoS₂) for ultrasensitive nanogene-
rators. By addressing these current challenges and embracing 
these advanced trends, the field of PENG can continue to prog-
ress, enabling transformative applications in energy harvest-
ing, wearable electronics, and beyond.

3.3 Challenges in miniaturization

The miniaturization of PENG offers both compelling opportu-
nities and formidable challenges, as reducing the size of these 
devices while maintaining or enhancing their performance 
is crucial for applications in wearable electronics, biomedical  
devices, and IoT sensors. One of the primary challenges is sus-
taining high energy output in smaller devices. As PENG is min-
iaturized, the active piezoelectric material volume decreases, 
which results in diminished power generation.[182] To address 
this issue, researchers are investigating advanced nanostruc-
turing techniques, such as nanowires, nanorods, and nanocom-
posites, to maximize the surface area and strain sensitivity of 
miniaturized PENG. However, achieving uniform and precise 
nanostructuring at such a diminutive scale remains technically 
challenging and often necessitates complex fabrication methods, 
including NIL or CVD.[269]

Another significant challenge is the integration of PENG with 
other components in miniaturized systems. PENG must be seam-
lessly incorporated into compact devices without compromising 
their functionality or the performance of other components, 
such as sensors, processors, or energy storage units. This ne-
cessitates innovative design and packaging techniques to ensure 
efficient energy transfer and mechanical stability. Additionally, 
the mechanical durability of miniaturized PENG is a concern, as 
smaller devices are more susceptible to damage from repeated 
mechanical stress or environmental factors. The development of 
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flexible and robust materials, such as polymer-based composites 
or hybrid structures, is essential to address this limitation and 
ensure long-term reliability.

Scalability and cost also pose significant barriers to the wide-
spread adoption of miniaturized PENG. Many of the advanced 
manufacturing techniques required for miniaturization, such 
as electron beam lithography or atomic layer deposition, are 
expensive and not easily scalable for mass production.[270] Re-
searchers are actively exploring cost-effective alternatives, such 
as roll-to-roll printing and 3D printing, but these approaches of-
ten involve trade-offs in resolution and material properties.[271] 
Despite these challenges, the potential of miniaturized PENG to 
enable self-powered, portable, and implantable devices contin-
ues to drive innovation in the field.

4. Recent advances in PENG for biomedical 
monitoring

PENG has revolutionized biomedical monitoring by enabling 
self-powered, noninvasive, and real-time detection of physio-
logical signals. Recent advances in material design, structural 
engineering, and integration with wearable/implanted systems 
have expanded their applications to various medical fields. As 
shown in Figure 3, PENG has made progress in cardiovascular, 
respiratory, muscle and motion, metabolic, neural/brain activity, 
and wound healing monitoring.

4.1 Cardiovascular

PENGs have emerged as a transformative tool in cardiovascular 
monitoring, enabling real-time tracking of HR, blood pressure, 
and vascular health by harvesting mechanical energy from ar-
terial pulsations and heartbeats. The development of sensors 
capable of accurately detecting micropressure changes in vivo is 
critical for monitoring chronic pressure-related conditions such 
as vascular occlusion, arterial hypertension, and brain injury. 
However, traditional pressure sensors face limitations in detect-
ing micropressures below 1 kPa over extended periods due to 
poor flexibility and biocompatibility, particularly in implant-
able applications. To address these challenges, researchers have 
proposed an innovative approach using ultrathin, flexible smart 
patches based on piezoelectric AIN (Figure 4A).[272] These patch-
es, integrated onto the extraluminal surface of artificial blood 
vessels, exhibit high sensitivity and biocompatibility, enabling 
real-time monitoring of hemodynamic parameters without com-
promising the mechanical properties of the graft. Experimental 
results demonstrate the sensors’ stable response to flow chang-
es, highlighting their potential for continuous monitoring and 
optimizing patient treatment (Figure 4B).[272] Additionally, the 
innovative PVDF/hydroxylamine hydrochloride (HHE) organ-
ic piezoelectric nanofibers (OPNs) sensor has been successful-
ly implanted in living pigs to monitor micropressure changes 
within and around the cardiovascular wall, demonstrating its 

Figure 3.  PENG for biomedical monitoring, including cardiovascular, respiratory, muscle and motion, metabolism, neural/brain activity, and wound healing 
monitoring.
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feasibility for real-time monitoring under various physiological 
conditions (Figure 4C).[273] These advancements offer new pos-
sibilities for enhancing vascular health monitoring and early de-
tection of complications.

In the field of physiological signal detection, accurately 
capturing sound signals emitted by the human body—such as 
breathing, heartbeat, and vascular sounds—poses significant 
challenges due to their complexity. While microelectrome-
chanical system (MEMS)-based sensors provide high accu-
racy, their manufacturing processes limit their flexibility and 
compliance. To overcome these limitations, researchers have 
developed novel sensors using piezoelectric electret technol-
ogy, which achieve higher sensitivity and compliance (Fig-
ure 4D).[274] These sensors are integrated into flexible patches, 
leveraging unique structures and materials to ensure accurate 
detection of physiological signals while maintaining comfort 
and usability. By strategically placing these sensors on the 
body, comprehensive monitoring of vital signs and physiolog-
ical parameters can be achieved, enhancing diagnostic capa-
bilities and enabling early intervention for cardiovascular and 
respiratory diseases.

Implantable pulse sensors play a critical role in monitoring 
hemodynamic parameters postsurgery, providing real-time data 
on cardiovascular health and hemodynamics. However, con-
ventional rigid sensors suffer from mechanical incompatibility 
and long-term stability issues, prompting researchers to explore 
adaptive sensors made from degradable materials or optimized 
structures. An innovative approach involves integrating piezo-
electric sensors with biomimetic conformal sheaths to create 
an implantable vascular electronic system for wireless hemody-
namic monitoring (Figure 4E).[275] This system combines flexible 
piezoelectric sensors, stretchable sheaths, and wireless modules 
to enable real-time monitoring and data transmission without 
impeding arterial growth. Utilizing highly aligned PVDF nano-
fiber membranes and elastic nanofiber PU tubes, the system 
sensitively and stably monitors hemodynamic parameters while 
adapting to dynamic changes in arterial geometry. Alternatively,  
all-in-one piezoelectric vascular grafts feature layered nano-
fibrous scaffolds with embedded electrodes, achieving native 
tissue-like mechanical behavior while enabling real-time hemo-
dynamic assessment.[276] These grafts demonstrate rapid endothe-
lial integration and exceptional biocompatibility with minimal 

Figure 4.  PENG for cardiac monitoring. (A) Image of e-PTFE graft integrated with flexible smart patch (PSP-20) sensor for hemodynamic parameter monitoring. 
Reproduced with permission from Natta et al.[272] Copyright 2019, Springer Nature. (B) Output voltage generated by the PSP-20 sensor under different flow 
rate conditions. Reproduced with permission from Natta et al.[272] Copyright 2019, Springer Nature. (C) Schematic diagram of sensor implantation for recording 
micropressure changes and surgical images of implanted soft sensors on the cardiovascular wall of the heart and femoral artery. Reproduced with permission 
from Li et al.[273] Copyright 2019, American Chemical Society. (D) Illustration of piezoelectric electret sensor patch at different body locations and schematic 
diagram of prototype sensor showing key aspects such as (i) laser processing of FEP grooves; (ii) internal electrodes for electromechanical transduction; (iii) 
external electrodes for protection and shielding structure. Reproduced with permission from Han et al.[274] Copyright 2023, Wiley-VCH. (E) Exploded schematic 
diagram of the sensor fixed to the arterial surface by a sheath. Reproduced with permission from Tang et al.[275] Copyright 2024, Wiley-VCH.



Hua et al. • Volume 2 • Number 3 • 2025	 www.precisionnutritionjournal.com

157

blood cell damage. Both solutions transcend traditional rigidity 
issues, the former through stretchable interfacial design, the lat-
ter via structural biomimicry, and operate without external pow-
er sources.[276] By facilitating continuous physiological tracking 
and early detection of vascular complications, they establish 
new paradigms for patient-specific cardiovascular management.  
Validated through physiological testing, these technologies con-
verge toward intelligent implants capable of supporting preci-
sion interventions across diverse clinical scenarios.

Two millennia ago, pulse diagnosis served as the cornerstone 
of ancient Chinese medicine for diagnosing cardiovascular diseas-
es. Today, the field of medical technology has undergone a trans-
formative evolution, shifting toward the development of portable, 
wearable systems capable of continuous monitoring of vital signs, 
particularly arterial pulse monitoring for blood pressure assess-
ment. Achieving accurate wearable blood pressure monitoring, 
however, presents significant challenges, especially when utilizing 
piezoelectric sensors. Known for their dynamic response char-
acteristics and high fidelity, piezoelectric sensors have played a 
pivotal role in advancing continuous blood pressure monitoring 
technology. Yet, issues such as time synchronization errors, sensor 
positioning discrepancies, and variations in piezoelectric response 
have raised concerns about their reliability in blood pressure 
monitoring. To address these challenges, recent studies have ex-
tensively investigated the piezoelectric response of arterial pulses 
across functional layers of varying thicknesses (Figure 5A).[277] By 
establishing a direct correlation between blood pressure waves 
and piezoelectric arterial pulse waves, the feasibility of blood 
pressure monitoring using a single piezoelectric sensor has been 
demonstrated (Figure 5B).[277] This breakthrough not only deep-
ens the understanding of arterial pulse dynamics but also paves 
the way for the development of accurate and convenient wearable 
blood pressure monitoring devices.

The importance of continuous blood pressure monitoring is 
particularly critical in the context of combating hypertension, a 
global health issue affecting millions and a leading cause of cardio-
vascular diseases and related mortality. With the growing demand 
for noninvasive, continuous arterial pressure monitoring devices, 
the development of wearable sensors that seamlessly integrate 
into daily life has become a top priority. The wearable piezoelec-
tric blood pressure sensor (WPBPS) exemplifies such innovation, 
designed for continuous noninvasive arterial pressure monitoring 
(Figure 5C).[278] With high sensitivity and rapid response times, 
the sensor is ingeniously embedded into a watch band, showcas-
ing the seamless integration of cutting-edge technology with prac-
tical healthcare solutions. Through a wireless communication 
system, real-time arterial pulse data is transmitted to portable de-
vices, enabling continuous blood pressure monitoring without the 
discomfort associated with traditional measurement techniques. 
Furthermore, researchers are advancing sensor technology by ex-
ploring the role of elastic media in enhancing pulse wave signal 
transmission to optimize sensing performance and accuracy (Fig-
ure 5D).[279] In another breakthrough, a wearable sensor utiliz-
ing heterogeneous graded piezoelectric composites has achieved 
accuracy comparable to commercial sphygmomanometers. This 
sensor not only supports continuous blood pressure monitoring 
but also provides hemodynamic parameters essential for compre-
hensive cardiac function analysis (Figure 5E).[280] By combining 
innovation with precision, this sensor heralds a new era of per-
sonalized medical systems, offering a powerful tool for early diag-
nosis and intervention in cardiovascular diseases.

Moreover, the integration of cutting-edge technologies 
holds immense potential. For instance, the closed-loop renal 

denervation system combines piezoelectric film sensors with 
photothermal ablation technology, demonstrating the possibili-
ty of targeted and effective hypertension treatment by regulating 
renal sympathetic nerve activity (Figure 5F).[281] This integrated 
approach not only provides a novel strategy for managing re-
fractory hypertension but also opens new avenues for treating 
chronic diseases related to sympathetic nerve activity, under-
scoring the transformative potential of technology in healthcare.

Wearable piezoelectric blood pressure sensors represent a 
significant advancement in preclinical continuous noninvasive 
arterial pressure monitoring, addressing longstanding accuracy 
challenges through material innovation and signal processing. 
The first approach employs a flexible piezoelectric sensor with 
optimized sensitivity and dynamic response, coupled with a lin-
ear regression transfer function to directly convert mechanical 
signals into clinically valid systolic and diastolic pressures.[278] 
Rigorous clinical validation across 35 subjects demonstrated ex-
ceptional alignment with commercial, enabling integration into 
wrist-worn devices for real-world cardiovascular monitoring. A 
second strategy utilizes a flexible piezocomposite ultrasonic sen-
sor featuring PZT-5A/PDMS anisotropic composites and silver 
nanowire electrodes.[282] This design achieves nonocclusive ves-
sel wall motion tracking through optimized acoustic impedance 
matching, capturing full arterial waveforms without calibra-
tion. Preliminary human trials confirmed accurate continuous 
pressure waveform acquisition at the ulnar artery, correlating 
strongly with clinical ultrasound probes and conventional mon-
itors. Together, these PENG-based approaches, leveraging direct 
mechanical transduction and ultrasonic kinematics, establish 
robust preclinical frameworks for wearable blood pressure 
management, overcoming critical limitations in signal fideli-
ty, calibration dependency, and long-term wearability while 
demonstrating viable pathways toward clinical deployment.

In summary, the convergence of advanced sensor technolo-
gy, innovative materials, and strategic design is revolutionizing 
the field of physiological monitoring. From detecting micro-
pressure changes within the body to monitoring vascular grafts 
and capturing critical physiological signals, these advancements 
provide powerful tools for enhancing diagnostic capabilities 
and enabling real-time insights into cardiovascular health. By 
leveraging piezoelectric materials, flexible sensors, and wireless 
communication technologies, researchers are developing more 
effective and patient-centric medical solutions, paving the way 
for the future of precision medicine. From ancient pulse diag-
nosis to modern wearable piezoelectric sensors, blood pressure 
monitoring technology has undergone a revolutionary trans-
formation. Through the integration of innovative materials, 
advanced sensor technologies, and wireless communication sys-
tems, researchers are driving the advancement of personalized 
medicine, offering robust support for the early diagnosis, con-
tinuous monitoring, and precise treatment of cardiovascular dis-
eases. These technological breakthroughs not only enhance the 
efficiency and quality of healthcare but also bring new hope for 
improving global cardiovascular health, marking a monumental 
leap from traditional to modern medical technology.

4.2 Respiratory

PENG have emerged as a powerful tool for respiratory moni-
toring, capable of capturing the biomechanical energy generated 
by chest movements during breathing to assess critical parame-
ters such as respiratory rate, tidal volume, and obstruction sta-
tus. As a frontier in healthcare and physiological monitoring, 
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respiratory function measurement provides vital insights into 
overall health and aids in the diagnosis of lung diseases. While 
respiratory rate serves as a key biomarker, the need for com-
prehensive data on respiratory flow and volume underscores 
the urgent demand for advanced wearable devices. In this con-
text, self-powered multifunctional sensor technologies have 
gained prominence. For instance, a flexible hybrid nanofiber 
sensor based on a PAN/TMAB composite nanofiber membrane 

(Figure 6A) exhibits dual piezoelectric and pyroelectric prop-
erties, enabling the accurate detection of various physiological 
signals, including elbow flexion angle, foot posture, and respi-
ratory status.[283] Its versatility extends beyond human health 
monitoring to energy conversion and human–computer interac-
tion, setting a new benchmark for wearable sensor technology.

Further advancements are exemplified by the development of 
all-organic, degradable piezoelectric force sensors based on amino 

Figure 5.  PENG for blood pressure monitoring. (A) Piezoelectric dynamic response diagram of arterial pulse from artery to skin. And a typical arterial pulse 
piezoelectric response waveform and a common arterial pulse piezoelectric response waveform. Reproduced with permission from Yi et al.[277] Copyright 2022, 
Wiley-VCH. (B) Verification of the correlation between blood pressure waveform and arterial pulse piezoelectric response. From top to bottom: measured piezo-
electric sensor output voltage, pulse waveform after integrating the measured output voltage, blood pressure waveform calibrated according to the integration 
result, and simulated output voltage using the calibrated blood pressure waveform as input pulse load. Reproduced with permission from Yi et al.[277] Copyright 
2022, Wiley-VCH. (C) Schematic diagram of the overall concept of WPBPS. The piezoelectric pressure sensor attached to the user’s skin can accurately detect 
arterial pulse signals and can continuously convert them into blood pressure values. And a photo of the ultrathin piezoelectric sensor built into the inside of the 
WPBPS installation watch strap. The inset shows the design of the WPBPS embedded watch. Reproduced with permission from Min et al.[278] Copyright 2023, 
Wiley-VCH. (D) The basic structure of the pulse sensor and the principle of pulse wave measurement are attached to the skin surface near the radial artery. 
Reproduced with permission from Zhang et al.[279] Copyright 2024, American Chemical Society. (E) Optical image of the thin film piezoelectric array sensor and 
schematic diagram of the test radial artery (scale bar is 5 cm). Reproduced with permission from Tian et al.[280] Copyright 2024, Wiley-VCH. (F) The operation 
process of the closed-loop RDN system. The blue box indicates the PTFS-based BP sensor structure, and the red box indicates the synthesis steps of PdNPS 
with NIR-II photothermal ablation. Reproduced with permission from Liu et al.[281] Copyright 2024, Wiley-VCH.



Hua et al. • Volume 2 • Number 3 • 2025	 www.precisionnutritionjournal.com

159

acid crystals (Figure 6B),[192] marking a significant milestone  
in biomedical applications. Designed for dynamic physiological 
monitoring in model animals, these sensors are biocompatible 
and fully biodegradable, heralding a new era in medical sensor 
design. Through in vivo testing in adult Sprague–Dawley rats, 
these sensors have demonstrated superior capabilities in captur-
ing muscle contractions and respiratory activity, outperforming 
existing nanogenerators and showcasing immense potential for 
clinical applications.

Major breakthrough in energy harvesting and physiological 
monitoring. When integrated into a smart mask, these sensors 
enable continuous, self-powered respiratory status monitoring, 
offering a critical tool for disease prevention and personalized 
healthcare. Their ability to distinguish between normal and rap-
id breathing patterns through temperature fluctuations within 
the mask highlights their significance in real-time health moni-
toring applications.

Finally, the integration of piezoelectric/triboelectric hybrid 
nanogenerators (PT-NGs) (Figure 6D) provides a simple yet ef-
ficient solution for energy conversion and wearable sensor tech-
nology.[284] By combining piezoelectric charge generation with 
triboelectric charging, this composite film-based device excels in 
energy conversion efficiency and is ideal for monitoring finger 
movements, gestures, and breathing patterns. When placed ex-
ternally on a mask, these sensors can accurately monitor breath-
ing rate and patterns, offering valuable insights into respiratory 
health and facilitating timely health alerts and interventions.

Additionally, the development of fully 3D-printed thermos 
PENG utilizing cellulose nanocrystals (Figure 6C) has further 
propelled progress in this field.[285] These state-of-the-art sensors 
can autonomously detect cardiac pulses and respiratory activity, 
representing a new class of self-powered, wearable biomedical 
devices for continuous, noninvasive health monitoring and po-
tential human–machine interface applications.

Figure 6.  PENG for respiratory monitoring. (A) Schematic of the polyacrylonitrile and trimethylamine borane (TMAB) composite nanofiber mat prepared by 
electrospinning and its output current under normal and deep breathing at 0 and 25 °C. Reproduced with permission from Li et al.[283] Copyright 2022, American 
Chemical Society. (B) Illustration and photograph of force sensors implanted in the chest and leg regions of Sprague–Dawley rats. Scale bar = 5 mm. Illustration 
of the packaged force sensor and various components, and the open circuit voltage of the force sensor implanted in the chest under respiratory drive. Repro-
duced with permission from Cheng et al.[192] Copyright 2023, Wiley-VCH. (C) Photographs showing the fully 3D printed sensor (upper left) and lung conditions 
during inspiration and expiration (lower left) for the smart mask-based respiratory monitoring demonstration. The corresponding output electrical signals record-
ed during (upper right) normal breathing and (lower right) rapid breathing. Reproduced with permission from Maity et al.[285] Copyright 2023, American Chemical 
Society. (D) Structure of the PVDF-PDMS composite membrane and detection of respiratory electrical signals generated by PT-NG. Reproduced with permission 
from Chen et al.[284] Copyright 2024, American Chemical Society.
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The integration of innovative technologies into wearable 
devices for monitoring metabolic and respiratory functions 
has driven significant advancements in this field. Among these, 
wearable piezoelectric airflow sensors (WPATs) offer a novel, 
cost-effective, and accurate solution for tracking metabolic and 
respiratory activities (Figure 7A).[286] A notable design, the double- 
layer PLLA BS (PLLA2BS), demonstrates enhanced piezoelectric 
signals at varying air velocities compared to single-layer PLLA 
BS. This design significantly improves airflow sensing capabili-
ties by stacking 2 piezoelectric PLLA films at a specific cutting 
angle. Finite element simulations in ABAQUS support the hy-
pothesis that respiratory airflow generates a pressure differential 
across the PLLA2BS, inducing the piezoelectric effect. Variations 
in airflow rate further amplify this effect, directly influencing 
piezoelectric signal generation.

Innovative strategies, such as fully 3D-printed manufacturing 
methods, have revolutionized the production of wearable devic-
es (Figure 7B).[285] For instance, fully 3D-printed nanogenerators 
simplify production steps and reduce equipment requirements 
by utilizing ink as both the active thermos-piezoelectric material 

and electrode. Conductive carbon nanotubes (CNTs) embedded 
in the polymer matrix enhance electrode conductivity and opti-
mize the printing process. This layer-by-layer printing strategy 
enables the creation of complex, multilayer devices suitable for 
diverse applications, including respiratory monitoring.

Additionally, the thermal stretching technique for embed-
ding transition metal dichalcogenides into fluoropolymer fibers 
offers a novel approach for noninvasive cardiovascular signal 
monitoring (Figure 7C).[287] By quantitatively measuring arterial 
pressure changes at different skin locations, this technology as-
sesses cardiovascular health. Simultaneously, integrating piezo-
electric fibers into respiratory monitoring systems allows for the 
concurrent capture of pulse and respiratory waveforms (Fig-
ure 7D).[287] Signal processing techniques, combined with low-
pass and band-pass filters, effectively separate vital sign data, 
providing detailed insights into physiological responses during 
the respiratory cycle.

In the realm of sustainable technology, PENG fabricated 
from household crab shell waste and PVDF demonstrates the 
potential for environmentally friendly and cost-effective sensor 

Figure 7.  Innovative technology of PENG for respiratory monitoring. (A) Design concept diagram of the WPAT and simulation of airflow sensing of the WPAT. 
And sample data and averages of O2, CO2, Vis, and MR recorded from participants. Reproduced with permission from Jin et al.[286] Copyright 2022, American 
Chemical Society. (B) Optical images of the layer-by-layer printing of the fully 3D printed NG and its output electrical signals before exercise (resting state). Re-
produced with permission from Maity et al.[285] Copyright 2023, American Chemical Society. (C) Exploded view of the preform and fiber, and laser DIC image of 
the fiber cross-section. Reproduced with permission from Hasan et al.[287] Copyright 2024, American Chemical Society. (D) Schematic diagram of the respiratory 
and cardiovascular system and voltage output waveforms of the chest, breathing, and pulse during breathing. Reproduced with permission from Hasan et al.[287] 
Copyright 2024, American Chemical Society. (E) Schematic diagram of the structure of the PVDF-CS-NF (PC-NF) composite material and its voltage response 
to slow and fast breathing as a respiratory sensor. Reproduced with permission from Divya et al.[288] Copyright 2025, Elsevier.
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production (Figure 7E).[288] Voltage-time graphs depict various 
respiratory states, such as slow and fast breathing, showcasing 
the device’s ability to detect and distinguish different respiratory  
conditions. This application not only advances breathing 
detection technology but also offers a versatile and eco- 
friendly solution for monitoring respiratory activity across  
diverse environments.

Piezoelectric sensors demonstrate versatile preclinical utili-
ty in respiratory monitoring, spanning from home-based sleep 
studies to critical care applications. In residential settings, 
stretchable piezoelectric sensors effectively tracked respiration 
across all age groups, noninvasively identifying sleep patterns 
including stable breathing, apnea events, and age-dependent 
respiratory variations.[289] A hospital-deployable piezoelectric 
system was developed for continuous systemic inflammatory re-
sponse syndrome screening in COVID-19 patients.[290] This non-
invasive monitor combined under-mattress respiratory sensing 
with fingertip pulse detection, achieved high sensitivity and high 
negative predictive value in 29 hospitalized patients monitored 
around the clock, validating its potential for preliminary SIRS 
assessment in clinical environments.

By focusing on advancements in respiratory detection appli-
cations, these developments pave the way for enhanced medical 
monitoring, disease prevention, and personalized interventions, 
highlighting the immense potential of wearable sensor technol-
ogy in improving human health and well-being. These inno-
vations not only propel medical technology forward but also 
provide robust support for the future of precision medicine and 
personalized health management.

4.3 Muscle and motion

PENG have the capability to convert mechanical strains gen-
erated by muscle contractions into electrical signals, enabling 
the tracking of muscle activity, gait, and rehabilitation progress. 
With growing concerns over work-related upper limb musculo-
skeletal disorders (MSDs) and neuromuscular diseases, the de-
velopment of innovative monitoring and response solutions has 
become increasingly critical. MSDs, particularly neck pain and 
shoulder fatigue, are highly prevalent in the European popula-
tion, underscoring the urgent need for continuous monitoring 
systems to prevent and rehabilitate such conditions. However, 
current wearable sensor systems face limitations, including com-
plex structures and insufficient data acquisition, which hinder 
their practical application. To address these challenges, research-
ers are advancing new sensor technologies aimed at revolution-
izing monitoring capabilities across various health domains.

In the realm of neuromuscular diseases, such as amyotrophic 
lateral sclerosis (ALS), the impairment of motor skills and com-
munication abilities highlights the necessity for advanced moni-
toring systems. ALS patients often struggle with fine motor tasks 
and speech expression, necessitating innovative solutions to fa-
cilitate communication and task completion. The introduction 
of flexible facial code extrapolation sensors (cFaCES) and high-
ly anisotropic piezoelectric network composite (HAPNC) sen-
sors offers groundbreaking opportunities for tracking dynamic 
facial skin strain and monitoring joint movement patterns (Fig-
ure 8A, B).[291,292] These sensors provide a noninvasive and effi-
cient means of tracking physiological changes and movement 
disorders, enabling ALS patients to communicate more effec-
tively and engage more easily in daily activities.

Furthermore, piezoelectric capacitive flexible sensors devel-
oped through laser direct printing methods, as well as sensors 

based on single-crystal III-nitride films, have expanded the ap-
plication of innovative sensing technologies. The piezoelectric 
capacitive sensor features a hybrid microstructure and an ion 
gel dielectric layer (Figure 8C),[293] offering high sensitivity and 
stability, making it suitable for monitoring physiological signals 
such as throat movement, speech, facial gestures, and pulse. 
Meanwhile, the flexible piezoelectric eye movement sensor array 
(F-PEMSA) based on III-nitride films provides a comfortable and 
noninvasive method for eye movement tracking (Figure 8D),[294] 
demonstrating excellent sensitivity and repeatability. These 
technological advancements pave the way for practical appli-
cations in health monitoring, facilitating continuous and safe 
monitoring of eye movements and breathing patterns.

The integration of state-of-the-art sensor technologies into 
wearable devices represents a paradigm shift in the continu-
ous and unobtrusive monitoring of physiological activities. Li 
et al.[295] proposed an electrospun PVDF piezoelectric nanofibre 
membrane with functional modulation of CNT and barium 
titanate (BTO) to construct wearable piezoelectric tactile sen-
sors with self-supply capability, fast response, high sensitivity 
and good durability, and successfully applied to human body 
multisite motion monitoring and recognition, which provides a 
new solution with practical prospects for flexible health sensing 
electronic devices (Figure 9A, B). Figure 9C showcases a flexible 
piezoelectric sensor designed to monitor laryngeal motion by 
detecting skin deformation resulting from hyoid bone displace-
ment.[296] Fabricated using AIN on a Kapton polyimide sub-
strate, this smart patch offers critical insights into swallowing 
kinematics, enabling the quantitative assessment of dysphagia 
and related clinical conditions. The sensor’s compact, light-
weight, and biocompatible design ensures conformal integra-
tion with the neck’s curved anatomy, facilitating uninterrupted 
monitoring of laryngeal dynamics without impeding natural 
swallowing functions (Figure 9D).[296] Equipped with Bluetooth 
connectivity for wireless data transmission to smartphones, this 
system represents a significant advancement in real-time diag-
nostic capabilities, providing clinicians with actionable data for 
timely therapeutic interventions.

Figure 9E highlights a novel motion-sensing device that ex-
ploits the polar β-phase nucleation characteristics of electro-
active polymers.[297] By incorporating TiO₂ nanoparticles into 
poly(vinylidene fluoride-co-hexafluoropropylene) films, the de-
vice achieves enhanced β-phase crystallization, resulting in supe-
rior remnant polarization and energy density. This configuration 
enables ultra-low frequency detection, making it highly effective 
for monitoring a broad spectrum of voluntary motions, ranging 
from joint movements to fine motor actions such as finger tap-
ping. The device’s ability to accurately track activities from am-
bulation to running demonstrates its versatility in applications 
spanning smart wearables, sports biomechanics, and medical 
diagnostics.

The convergence of these advanced sensing technologies not 
only enhances the quality of life for individuals with specific 
health conditions but also expands the scope of health mon-
itoring applications, underscoring the pivotal role of sensor 
innovation in advancing proactive healthcare management. By 
synergizing breakthroughs in materials science, microfabrica-
tion techniques, and signal processing algorithms, researchers 
are driving the development of wearable devices that are more 
efficient, precise, and sustainable. These advancements provide 
a robust foundation for personalized medicine and continuous 
health monitoring, ultimately contributing to improved patient 
outcomes and preventive healthcare strategies.
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4.4 Metabolic

PENGs are emerging as a transformative platform for indirect 
metabolic monitoring, leveraging their ability to transduce me-
chanical or pressure fluctuations associated with biochemical 
processes into quantifiable electrical signals. Conventional met-
abolic assessment techniques, such as maximal oxygen uptake 
testing and blood lactate analysis, are often constrained by their 
invasiveness, operational complexity, and interference with 
physical activity. To overcome these limitations, a novel bio-
sensor utilizing PVDF/T-ZnO composite piezoelectric materials 

has been developed (Figure 10A).[298] This device, integrated 
onto human skin or tissues via a flexible substrate, exploits 
the piezoelectric effect to simultaneously capture biomechan-
ical signals and metabolic fluctuations, enabling real-time dy-
namic monitoring of the maximal lactate steady state (MLSS)  
(Figure 10B).[298] MLSS, recognized as the gold standard for 
evaluating aerobic endurance, plays a critical role in optimizing 
athletic training regimens and designing rehabilitation proto-
cols for cardiovascular patients. Furthermore, lactate, a pivot-
al metabolic marker in the tumor microenvironment, exhibits 

Figure 8.  PENG for muscle monitoring. (A) Exploded view of cFaCES, including each layer encapsulating the sensing elements (bottom right) and RTD system 
schematic. cFaCES is laminated to the face, and its 4 sensing elements are connected to the SPB for differential signal amplification and analog-to-digital 
conversion. Reproduced with permission from Sun et al.[291] Copyright 2020, Springer Nature. (B) Schematic diagram of the system for monitoring MSD. The 
signals generated by the connected sensors are transmitted to the smart terminal through a microcontroller for further analysis. The multilayer HAPNC sensor 
consists of a cross-shaped PET substrate, a square top sensor, and a square bottom sensor. And 2 typical signals of the HAPNC sensor for distinguishing 
neck movements, including rightward twisting and forward extension. Reproduced with permission from Hong et al.[292] Copyright 2021, American Association 
for the Advancement of Science. (C) Preparation process of ion gel membrane. Reproduced with permission from Chen et al.[293] Copyright 2023, American 
Chemical Society. (D) Schematic diagram of the sensor layer structure attached to the facial skin and the output characteristics of F-PEMSA for eye movement 
in 2 different rotational directions. Reproduced with permission from Kim et al.[294] Copyright 2024, Wiley-VCH.
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concentration abnormalities that reflect the metabolic repro-
gramming of cancer cells. The PENG-based sensing system of-
fers a noninvasive approach for cancer prognosis by detecting 
localized tissue stiffness variations induced by lactate accumu-
lation, particularly for early detection of solid tumors such as 
breast and liver carcinomas.

Additionally, wearable experiments have elucidated the cor-
relation between minute ventilation and metabolic rate (Fig-
ure 10C),[286] underscoring the potential of sensor technology 
to deepen our understanding of human metabolic dynamics. 
An advanced implantable device utilizing ultrasound-mediated  
data transmission presents a promising solution for moni-
toring pH and lactate levels in soft tissues, which is critical 
for postoperative care and disease progression evaluation. 
The integration of electrochemical sensors into implant-
able systems (Figure 10D) has the potential to revolution-
ize soft tissue parameter assessment, enabling home-based 
monitoring and improving patient outcomes, particularly in 
scenarios where hospitalization is impractical.[299] By seam-
lessly integrating these cutting-edge technologies—from MLSS- 
monitoring biosensors to ultrasound-enabled implantable 
devices (Figure 10E)—a comprehensive framework is es-
tablished to advance healthcare practices, enhance sports  
performance analytics, and facilitate remote patient manage-
ment.[299] This convergence of innovations paves the way for 
more efficient, personalized, and noninvasive health monitor-
ing solutions, ultimately driving progress in precision medi-
cine and proactive healthcare delivery.

4.5 Neural and brain activity

PENG have demonstrated the potential to detect neural oscilla-
tions and changes in intracranial pressure, offering insights into 
neural and brain activity. However, challenges related to sensi-
tivity and invasiveness remain. By integrating ultrasonic energy 
transmission, piezoelectric material engineering, and targeted 
biological delivery technologies, researchers have developed a 
range of wireless, noninvasive, or minimally invasive diagnos-
tic and therapeutic platforms. These innovations provide novel 
solutions for deep brain stimulation, interventions for neurode-
generative diseases, and obesity treatment.

Conventional DBS systems, which rely on implanted 
electrodes, are hindered by issues such as surgical trauma, 
electrode corrosion, and charge diffusion. To address these 
limitations, a novel piezoelectric ultrasonic energy harvest-
ing device utilizing Sm-doped PMN-PT single crystals has 
been developed (Figure 11A).[300] This device leverages the 
piezoelectric response to ultrasound, efficiently converting 
externally emitted ultrasonic energy into electrical power. 
Upon implantation into the periaqueductal gray matter of 
rat midbrains, the device instantaneously activates analgesia- 
related neural circuits. Behavioral experiments demonstrate 
that wireless stimulation significantly alleviates pain re-
sponses without inducing tissue damage (Figure 11B).[300] 
Complementarily, regenerative strategies employ hybrid 
nanomaterials that attach to neural stem cells, functioning 
as membrane-integrated piezoelectric actuators. Under ultra-
sonic excitation, these materials generate electrical cues that 

Figure 9.  PENG for motion monitoring. (A) Schematic diagram of the electrospinning process. Reproduced with permission from Li et al.[295] Copyright 2023, 
Donghua University. (B) The device shows great dynamic durability and performs stability after over 12,000 pressing-releasing cycles (left). Zoomed-in waveform 
electric responses (right) of generated open circuit voltage (upper section) and current (lower section). Reproduced with permission from Li et al.[295] Copyright 
2023, Donghua University. (C) Flexible piezoelectric sensor structure. Schematic diagram of the exploded multilayer flexible transducer. Reproduced with per-
mission from Natta et al.[296] Copyright 2021, American Chemical Society. (D) Output voltage generated by the sensor at different swallowing cycles (top); voltage 
signal changes due to the sensor position relative to the initial point of the simulated thyroid cartilage. In the 3D reconstruction, the location of the device is re-
ported (bottom). Reproduced with permission from Natta et al.[296] Copyright 2021, American Chemical Society. (E) The working mechanism of the PT-10-based 
PENG includes 4 key stages, including the initial state, compression state, compression state, and release state. Piezoelectric signals are generated during the 
pressing and releasing stages. Reproduced with permission from Priyadarshini et al.[297] Copyright 2023, American Chemical Society.
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accelerate neuronal differentiation and maturation through 
calcium-mediated signaling pathways.[301] When transplant-
ed into injured brain tissue, such engineered constructs pro-
mote substantial structural repair and functional recovery in 
neurodegenerative models. Both paradigms circumvent tradi-
tional electrode drawbacks, eliminating mechanical trauma,  
corrosion risks, and charge diffusion, while leveraging wire-
less energy transfer. By enabling precise neuromodulation and 
enhancing neurogenesis, these innovations establish versatile 

frameworks for treating conditions ranging from chronic 
pain to traumatic brain injury, marking a shift toward bio-
integrated neural interfaces.

Another significant challenge in DBS is the noninvasive tar-
geting of neurons within the brain parenchyma. Systemically 
administered piezoelectric nanoparticles offer a promising solu-
tion (Figure 11C).[302] When exposed to high-intensity focused 
ultrasound, these nanoparticles generate direct current stimu-
lation through the piezoelectric effect, triggering the release of 

Figure 10.  PENG for metabolic monitoring. (A) Optical image of the device and device structure. Reproduced with permission from Mao et al.[298] Copyright 
2020, MDPI. (B) Schematic diagram of the enzymatic reaction (top) and the working of the piezoelectric surface coupling effect. Reproduced with permission 
from Mao et al.[298] Copyright 2020, MDPI. (C) Photographs of the WPAT prototype and the human breathing pattern detection. WPAT2 recorded various breath-
ing patterns, such as slow and brisk breathing, fast and heavy breathing, and continuous coughing (inset, 5 times). Reproduced with permission from Jin et 
al.[286] Copyright 2022, American Chemical Society. (D) Scenario image of ultrasonic transcutaneous energy transmission to an implantable device in the body. 
Reproduced with permission from Gil et al.[299] Copyright 2021, Elsevier. (E) Detected voltage signals and acoustics at specific points inside the implantable 
device. The test device consists of a realistic breast anatomical model (1.5 cm deep) with an implantable device built in, connected to pH or lactate solutions 
through developed electrodes. The frequency changes caused by different pH solutions (average) and the frequency changes caused by lactate solutions were 
tested on the detected FSK signal, expressed in terms of the statistical indicators involved (average and error bars). Reproduced with permission from Gil et 
al.[299] Copyright 2021, Elsevier.
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nitric oxide (NO). NO temporarily disrupts the tight junctions 
of the blood–brain barrier, facilitating nanoparticle penetration 
into the brain parenchyma. In a Parkinson’s disease mouse mod-
el, this strategy significantly increased striatal dopamine levels 
(Figure 11D) and alleviated motor dysfunction by electrically 
stimulating dopaminergic neuron-like cells.[302] Histological 

analysis confirmed minimal toxic accumulation of nanoparticles 
in the brain. This technology combines the energy conversion 
advantages of piezoelectric materials with the deep penetration 
capabilities of ultrasound, opening new avenues for minimal-
ly invasive treatments of neurodegenerative diseases such as 
Alzheimer’s.

Figure 11.  PENG for brain stimulation. (A) Schematic diagram of the Sm-PUEH device for DBS and analgesia. Reproduced with permission from Zhang et 
al.[300] Copyright 2022, American Association for the Advancement of Science. (B) Three main behavioral responses of rats to formalin: (I) paw down, (II) paw 
up, and (III) paw licking, showing different pain levels from no pain to the most severe pain. And comparison of weighted pain scores induced by formalin in the 
stimulation group (n = 6) and the control group (n = 6). Total time (s) for paw lifting (left) and paw licking (right) within 30–35 min in the formalin test. Reproduced 
with permission from Zhang et al.[300] Copyright 2022, American Association for the Advancement of Science. (C) Schematic diagram of nanoparticles for BBB 
opening and DBS under ultrasound application. Systemically administered nanoparticles release NO locally under ultrasound, which then accumulates in the 
brain through the BBB opening. Then, ultrasound-mediated nanoparticles are polarized and stimulate neurons by opening voltage-gated ion channels, thereby 
performing neurostimulation. Reproduced with permission from Kim et al.[302] Copyright 2023, Springer Nature. (D) Images showing the accumulation of EB in 
brain tissue over time. Inset: The mechanism of BBB opening and closing speculated based on MMP-9 activity. Reproduced with permission from Kim et al.[302] 
Copyright 2023, Springer Nature. (E) After oral administration, piezoelectric BTO@Cap particles specifically target and bind to Cap-sensitive nerve endings. 
These particles then generate mild electrical pulses in response to gastric movements. The self-generated pulse electrical signals stimulate vagus nerve afferent 
fibers, leading to reduced food intake and increased metabolic rate in mice, ultimately improving dietary obesity and obesity-related metabolic disorders. Re-
produced with permission from Mac et al.[303] Copyright 2024, Wiley-VCH.
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For obesity and related metabolic disorders, noninvasive 
treatment methods are urgently needed. An oral self-powered 
voltage stimulator has been developed to achieve metabolic 
regulation by targeting the gastric vagus nerve (Figure 11E).[303] 
Capsaicin (Cap) on the particle surface binds to TRPV1 recep-
tors in the gastric mucosa, converting the mechanical energy 
of gastric peristalsis into electrical pulses via BTO piezoelectric 
materials. These pulses directly stimulate the afferent fibers of 
the vagus nerve. Animal experiments demonstrated that this 
stimulation suppresses appetite, enhances energy expenditure, 
and reduces fat production through the gut-brain axis, lead-
ing to significant weight loss in diet-induced obese mice. This 
technology operates without external power sources and avoids 
the gastrointestinal side effects associated with traditional drug 
therapies, offering a safe and reversible physical intervention 
strategy for obesity treatment.

Traditional neural probe implantation often results in tissue 
damage and chronic inflammation due to mechanical friction 
during insertion. Silicon-based ultrasonic neural probes (Fig-
ure 12A) address this issue through an innovative piezoelec-
tric ceramic-driven mechanism: the probe tip incorporates a 
longitudinally resonant piezoelectric plate capable of generat-
ing micron-level, high-frequency vibrations at ultrasonic fre-
quencies.[304] This design leverages the tissue-hardening effect 
induced by high tip speed, which minimizes deformation and 
frictional resistance along the insertion path. Additionally, the 
silicon-based ultrasonic horn exhibits superior acoustic imped-
ance matching with neural tissue compared to titanium alloys, 
enabling higher vibration amplitude transmission while main-
taining mechanical integrity. Experimental validation in rat cor-
tical implants (Figure 12B) demonstrates that the silicon-based 
ultrasonic neural probe significantly reduces tissue damage, 
suppresses inflammatory responses, and ensures long-term re-
cording stability, offering a safer and more reliable tool for neu-
roscience research.[304]

Peripheral nerve injury repair requires both physical guidance 
and biological activity regulation. The BTNPs/P(VDF-TrFE) ori-
ented nanofiber hydrogel (Figure 12C) overcomes this challenge 
through a multimodal design.[305] Electrospinning technology 
constructs aligned nanofibers, while BTNPs doping enhances 
the crystallinity of the β phase. Under ultrasonic thermal stim-
ulation, the thermosensitive drug release layer, composed of 
pNIPAM hydrogel, undergoes volume contraction, triggering 
the controlled release of encapsulated nerve growth factor. This 
promotes neuronal growth (Figure 12D) and accelerates the re-
construction of damaged nerve structures and functions in a rat 
sciatic nerve defect model.[305] These results highlight the dual 
functionality of BTNPs/P(VDF-TrFE) oriented nanofiber hydro-
gels in providing physical guidance and bioactive regulation, 
offering an effective therapeutic strategy for peripheral nerve 
injury repair.

Conventional deep brain stimulation is constrained by elec-
trode size and energy diffusion limitations. The implantable 
piezoelectric ultrasonic stimulator (ImPULS) (Figure 12E) 
achieves a breakthrough through micro-nano fabrication.[306] 
The device features an SU-8 substrate (0.8 μm in thickness), 
encapsulation and backing layers (0.5 and 15 μm in thickness, 
respectively), a piezoelectric KNN layer (1 μm in thickness, 
100 μm in diameter), and Cr/Au (10/250 nm) and Pt (100 nm) 
as top and bottom electrodes, respectively, with Cr/Au serv-
ing as metal interconnects (10/250 nm in thickness). The fab-
rication process involves wet etching, patterning, and transfer 
printing of the piezoelectric film onto a polymer SU-8 substrate 

(Figure 12F).[306] Experimental results demonstrate that ImPULS 
successfully stimulates mouse hippocampal neurons, activates 
c-Fos expression, and modulates dopamine release, showcasing 
its efficient neuromodulatory capabilities.

From ultrasound-driven probes to intelligent neural scaf-
folds and deep brain stimulators, piezoelectric technology has 
established a comprehensive “precision implantation-functional 
reconstruction-neural modulation” solution through multiscale 
innovation. These advancements not only significantly reduce 
the invasiveness of neural devices but also provide a transfor-
mative, integrated therapeutic platform for intractable condi-
tions such as Parkinson’s disease and peripheral nerve injuries, 
enabled by energy autonomy and closed-loop feedback designs. 
With ongoing advancements in materials science and micro- 
nano fabrication, ultrasound-piezoelectric systems are poised 
to become the cornerstone of next-generation neural interface 
technologies.

4.6 Wound healing

PENG is revolutionizing wound care by enabling intelligent 
and dynamic solutions that integrate sensing and therapeutic 
functionalities. PENG facilitates real-time monitoring of wound 
healing stages, early detection of infection risks, and active pro-
motion of tissue regeneration, offering a multimodal approach 
for managing chronic wounds, such as diabetic ulcers, and post-
operative recovery.

The persistent biofilm in diabetic wounds is a major contrib-
utor to delayed healing. A sonocatalytic polysaccharide/NADH 
composite system has been developed to address this issue (Fig-
ure 13A).[307] Under ultrasonic activation, this system generates 
reactive hydrogen species that rapidly penetrate and disrupt 
bacterial membrane potentials, inhibiting bacterial energy me-
tabolism. Simultaneously, hydrogen (H₂) reacts with catalase 
within the biofilm, blocking the bacterial oxidative phosphor-
ylation pathway (Figure 13B).[307] Another innovative approach 
incorporates BTO nanoparticles to enable ultrasound-triggered 
piezoelectric catalytic therapy. Ultrasonic excitation of BTO 
generates a piezoelectric field, driving electron-hole separation 
and producing hydroxyl radicals (·OH) and superoxide anions 
(O₂⁻), thereby enhancing bactericidal efficiency. The composite 
hydrogel dressing, which embeds BTO nanoparticles within a 
gelatin/oxidized hyaluronic acid matrix (Figure 13C),[308] exhib-
its strong adhesion, self-healing properties, and controlled reac-
tive oxygen species (ROS) release, significantly accelerating skin 
wound repair (Figure 13D).[308]

Electrical stimulation promotes epithelial regeneration by 
modulating cellular electrophysiological behavior, but tradi-
tional ES therapies are limited by the heterogeneous electrical 
responsiveness of cells. A breakthrough has been achieved with 
an electroresponsive hydrogel system loaded with a phospha-
tase and tensin homolog (PTEN) inhibitor. The synergistic ef-
fects of electrical stimulation and PTEN inhibition enhance 
vascular endothelial growth factor secretion and accelerate an-
giogenesis. Furthermore, a wearable DC pulse PENG converts 
the mechanical energy from rat movement into electrical signals 
(Figure 13E), enabling pulsed on-demand release of PTEN in-
hibitors from the hydrogel.[309] This approach optimizes wound 
healing by improving cellular electrical responsiveness while 
minimizing the adverse effects associated with prolonged PTEN 
inhibition.

Conventional electronic dressings often require surgical re-
moval, increasing infection risks. A biodegradable piezoelectric 
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transient device, composed of γ-glycine/PVA piezoelectric film, 
addresses this limitation through optimized synthesis guided 
by density functional theory (Figure 13F).[310] First-principles 
calculations and experimental validation reveal that γ-glycine 
crystals grow preferentially along the orientation, achieving a 
piezoelectric coefficient (d₃₃) of 10.4 pC/N, comparable to tra-
ditional PVDF. The film hydrolyzes in the slightly acidic wound 
environment within 14-days postimplantation, leaving no toxic 
residues and achieving a balance between effective treatment 
and safe degradation.

Chronic wounds often fail to heal due to the attenuation of 
bioelectric signals. To address this, ZnO nanoparticle-modified 
PVDF/sodium alginate (ZPFSA) scaffolds have been developed 
to reconstruct the electrical microenvironment through a dual 
piezoelectric effect (Figure 14A).[311] The synergistic interaction 
between the β-phase of PVDF and ZnO nanoparticles enables 
the scaffold to mimic the natural wound potential in response to 
mechanical stress, thereby accelerating wound healing and mini-
mizing scar formation. Notably, the ZPFSA 0.5 scaffold demon-
strates exceptional biocompatibility, antibacterial properties, 

Figure 12.  PENG for neural stimulation. (A) Catenary horn and cofabricated neural probe. Reproduced with permission from Chen et al.[304] Copyright 2022, 
Springer Nature. (B) Chronic animal model with a cranial window and microrecording system for 2-photon excitation fluorescence imaging at the tip of the 
inserted ultrasonic neural probe (left). Reproduced with permission from Chen et al.[304] Copyright 2022, Springer Nature. (C) Schematic diagram of ultrasound- 
responsive oriented piezoelectric nanofiber-derived hydrogel conduit for peripheral nerve regeneration. Reproduced with permission from Xu et al.[305] Copyright 
2024, Advanced Materials. (D) Percentage of neurons differentiated from PC12 cells and the neurite length of differentiated PC12 cells. Positive areas for S-100β 
and NF200 (n = 4). Reproduced with permission from Xu et al.[305] Copyright 2024, Wiley-VCH. (E) Schematic diagram of an implantable piezoelectric ultrasonic 
stimulator (ImPULS) implanted in the subcortical brain region of wild-type mice. A magnified view shows the neurons activated by ultrasound. Reproduced with 
permission from Hou et al.[306] Copyright 2024, Springer Nature. (F) Schematic diagram of a peeled view of ImPULS showing each layer. ImPULS is a piezoelec-
tric micromachined ultrasonic transducer (pMUT) structure in which biocompatible KNN is sandwiched between 2 thin SU-8 layers and forms an air-filled cavity 
and a backing layer below the piezoelectric film membrane. Reproduced with permission from Hou et al.[306] Copyright 2024, Springer Nature.



Hua et al. • Volume 2 • Number 3 • 2025	 https://journals.lww.com/medmat/

168

and a stable piezoelectric response, significantly enhancing 
the wound healing process within 2 weeks (Figure 14B).[311] 
Complementarily, electrostimulation via flexible piezoelectric  
films offers another approach to restore bioelectric fields. Surface- 
functionalized BTO nanoparticles (BT@CDs@ArPFTU) were 
incorporated into electrospun P(VDF-TrFE) matrices, yield-
ing films with elevated β-phase crystallinity and piezoelectric 
output. These P(VDF-TrFE)/BT@CDs@ArPFTU films were 

assembled into PENG, exhibiting robust electrical performance 
suitable for wireless electrostimulation.[312]

Infected wounds necessitate simultaneous sterilization and 
tissue regeneration. A 3D-printed Janus piezoelectric patch has 
been designed to achieve dual-modal intervention via a cocktail 
therapy approach (Figure 14C).[313] This patch comprises a poly-
ethylene glycol diacrylate hydrogel layer enriched with tetrago-
nal BTO and a methacrylate gelatin layer loaded with growth 

Figure 13.  PENG for wound healing. (A) Schematic illustration of the strategy and mechanism of sonocatalytic hydrogen/hole-combined “inside/outside- 
cooperation” antibiofilm. Reproduced with permission from Xu et al.[307] Copyright 2023, China Science Publishing & Media Ltd. (B) the schematic illustration of 
band structure (versus NHE [normalized hydrogen electrode]) and sonocatalytic H2 production and bacterial oxidation, and the time-dependent sonocatalytic 
performances of C3N4 nanosheets. Reproduced with permission from Xu et al.[307] Copyright 2023, China Science Publishing & Media Ltd. (C) Schematic 
diagram of ultrasound-activated piezoelectric catalytic gel for wound healing. Reproduced with permission from Liu et al.[308] Copyright 2023, Elsevier. (D) In 
vitro US-triggered piezocatalytic antibacterial therapy of BT-Gel against E. coli and S. aureus. Reproduced with permission from Liu et al.[308] Copyright 2023, 
Elsevier. (E) P(VDF-TrFE)-based nanogenerator mounted on an experimental rat converted motion into electricity that synchronously charges the wound, realizes 
self-powered electrical stimulation therapy, and promotes wound healing. Reproduced with permission from Fu et al.[309] Copyright 2023, American Chemical 
Society. (F) Working principle and layouts of b-WPUE. Reproduced with permission from Xue et al.[310] Copyright 2024, American Association for the Advance-
ment of Science.
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factors. Under ultrasound activation, the patch generates ROS for 
targeted sterilization while delivering growth factors to promote 
tissue regeneration. In vivo studies confirm the patch’s efficacy 
in mitigating infection and facilitating healing, underscoring its 
potential in programmable wound management strategies (Fig-
ure 14D).[313] Addressing the specific challenge of tendon-to-bone 
healing, Janus asymmetric piezoelectric adhesives were developed. 

These consist of an adhesive hydrogel and a nonadhesive hydro-
gel assembled on a piezoelectric PLLA nanofiber mat, enabling 
minimally invasive application on irregular interfaces.[314] Cru-
cially, these adhesives exert superior anti-inflammatory effects. 
Mechanistic studies revealed that the piezoelectric stimulation 
activates the TRPV1 ion channel, promoting Ca²⁺ influx in mac-
rophages and enhancing the cAMP signaling pathway.

Figure 14.  PENG for wound healing. (A) Schematic illustration of preparing and applying the ZPFSA piezoelectric scaffold. Reproduced with permission from 
Liang et al.[311] Copyright 2022, American Chemical Society. (B) Biocompatibility test and wound healing rate of ZPFSA piezoelectric scaffold. Reproduced with 
permission from Liang et al.[311] Copyright 2022, American Chemical Society. (C) Schemes of the fabrication and application of the Janus patch. The piezoelec-
tric materials and growth-factor-coloaded Janus hydrogel patch realized the US-excited bacteria elimination and promoted wound healing. Reproduced with 
permission from Huang et al.[313] Copyright 2023, American Association for the Advancement of Science. (D) The relative wound area with different treatments 
from day 0 to 10. Reproduced with permission from Huang et al.[313] Copyright 2023, American Association for the Advancement of Science. (E) Schematic 
Illustration of the Synthesis Process of PLBSIE. Reproduced with permission from Deng et al.[315] Copyright 2023, American Chemical Society. (F) Wound healing 
rates with different treatments in the 21 days and quantitative analyses of antibacterial efficiency after different treatments. Reproduced with permission from 
Deng et al.[315] Copyright 2023, American Chemical Society. (G) The magnified image reveals the generation of ROS by mitochondria inside the body, as well as 
the customizable wound repair using SF-MA/PEGDA/Ag@BT hydrogels. Reproduced with permission from Chen et al.[316] Copyright 2024, Elsevier.
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Postoperative tumor recurrence and delayed wound healing 
are often concurrent challenges. A lactic acid-butylene glycol- 
sebacic acid-itaconic acid copolymer elastomer (PLBSIE)  
addresses these issues through a piezoelectric-chemodynamic 
synergistic design (Figure 14E).[315] The ultrasound-activated 
PLBSIE platform demonstrates significant potential in erad-
icating tumor cells and accelerating wound healing via ROS 
generation and piezoelectric therapy, showcasing its multifunc-
tionality in treating postoperative tumor-induced wounds (Fig-
ure 14F).[315] This elastomer represents a promising solution for 
comprehensive postoperative care in osteosarcoma, highlighting 
its therapeutic versatility.

Complex wounds require both mechanical support and in-
fection control. Silk fibroin/polyethylene glycol diacrylate/Ag@
BT (SPAB) hydrogels, fabricated using digital light processing 
3D printing, offer customizable structures to meet these needs 
(Figure 14G).[316] Under ultrasound stimulation, these hydrogels 
exhibit remarkable antibacterial efficacy against Escherichia 
coli and Staphylococcus aureus, achieving antibacterial rates 
of 99.23% and 99.96%, respectively. The ultrasound-induced 
piezoelectric catalytic effect enhances ROS production, further 
promoting wound healing and combating bacterial infections.

A novel rotary jet-spun all-organic piezoelectret textile over-
comes the functionality-comfort trade-off in wearables. Elec-
trical poling significantly enhances its piezoelectric output,  
attributed to trapped polarized charges. The textile demonstrates 
high pressure sensitivity, effective waterproofness, and excellent 
breathability, ensuring user comfort. Beyond monitoring physi-
ological signals like pulse and respiration, it functions as a deep 
learning-assisted pressure-mapping sensor array with high accu-
racy. Crucially, its piezoelectricity induces electrical stimulation 
that accelerates cell proliferation and migration, highlighting its 
dual potential for advanced biosensing and smart wound dress-
ings, offering a scalable biomedical solution.

PENG have established a new paradigm for intelligent wound 
healing through multidisciplinary innovation. These advance-
ments address critical challenges in chronic wound management, 
such as biofilm resistance, slow cell regeneration, secondary sur-
gical trauma, scar formation, and postoperative recurrence. By 
integrating energy autonomy and closed-loop feedback designs, 
PENG-based systems provide a scalable platform for personal-
ized medicine, paving the way for next-generation wound care 
solutions.

5. Challenges

5.1 Power generation efficiency and energy storage 
challenges

The energy conversion efficiency of PENG is fundamentally 
limited by several material, structural, and electrical factors. 
The choice of piezoelectric materials remains a primary con-
straint, as many exhibit suboptimal energy harvesting perfor-
mance compared to alternative technologies.[317] Low power 
output—typically in the microwatt to milliwatt range—further 
restricts their applicability in high-energy-demand scenarios, 
due to limited charge generation per deformation cycle and 
high internal impedance.[318,319] Structural inefficiencies, in-
cluding inadequate mechanical coupling, nonoptimized ar-
chitectures, and long-term material fatigue, can also degrade  
performance.[320] In addition, charge loss through recombina-
tion and leakage, compounded by internal capacitance and re-
sistance, reduces effective output.[321] Impedance mismatching 

between the PENG and external circuits leads to further power 
loss, highlighting the need for optimized load-matching strat-
egies.[322] PENG To overcome energy conversion limitations 
in PENG, we transition from passive optimization to active 
intelligent systems. ML—particularly graph neural networks—
accelerates the discovery of application-tailored piezoelectric 
materials. Concurrently, quantum-confined architectures in-
corporating strain-engineered quantum wells in piezoelectric 
semiconductors radically enhance charge separation efficiency 
by directly converting nanoscale lattice vibrations into usable 
electrons.

Efficient energy storage is paramount to overcoming the in-
herent challenges of PENG, which produce intermittent and 
low-power output. A key issue is the low energy density of 
PENG, as the energy harvested per mechanical cycle is mini-
mal.[323] This necessitates the use of advanced storage solutions, 
such as supercapacitors or microbatteries, capable of efficiently 
storing small, irregular energy bursts.[323] Additionally, the in-
termittent and unpredictable nature of PENG output, driven by 
mechanical stimulation, complicates direct power utilization. 
Energy storage systems must not only capture these fluctuat-
ing inputs but also stabilize them to deliver a consistent power 
supply. Another challenge lies in energy transfer inefficiencies, 
where losses during rectification, impedance matching, and en-
ergy conversion reduce overall system efficiency.[320] Scalability 
and integration further present significant hurdles, particularly 
for applications requiring compact, lightweight, and flexible de-
signs, such as wearable or implantable devices.[320] Developing 
energy storage solutions that balance high capacity, flexibility, 
and compatibility with PENG is complex, as it involves nav-
igating trade-offs between size, weight, and functionality. Ad-
dressing these challenges is essential for advancing PENG-based 
energy harvesting systems, enabling their practical application 
in powering low-energy devices such as sensors, wearables, 
and biomedical implants. Addressing PENG energy storage de-
mands a shift from discrete devices to biointegrated systems. 
We propose intelligent energy ecosystems where biocoupled su-
percapacitors, using DNA-origami electrodes that mimic mito-
chondrial morphology, achieve ultrahigh Coulombic efficiency; 
meanwhile, self-regulating near-zero-power wake-up controllers 
enable event-driven prioritization of critical biomedical data 
transmission during energy-scarce conditions. This integrated 
approach fundamentally transforms intermittent outputs into 
reliable power for sustained medical device operation, ensuring 
clinical-grade reliability.

5.2 Biocompatibility and long-term stability in the human 
body

PENG holds significant promises such as self-powered bio-
medical implants, wearable health monitors, and drug delivery 
systems due to their ability to convert mechanical energy into 
electrical energy. However, their successful integration into the 
human body hinges on 2 critical factors: biocompatibility and 
long-term stability. Ensuring that PENG do not elicit adverse bi-
ological responses while maintaining functional efficiency over 
extended periods remains a major challenge.

5.2.1 Biocompatibility challenges

Biocompatibility is a fundamental requirement for implantable 
PENG. However, many traditional piezoelectric materials pose 
toxicity risks, making them unsuitable for biomedical use.[324] 
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To address this, lead-free and bioderived alternatives have been 
developed to improve tissue compatibility while retaining func-
tional performance.[325] Immune responses to implanted devices 
also present major challenges, potentially causing inflammation 
or fibrotic encapsulation. These effects can be mitigated through 
biocompatible encapsulation layers or surface modifications 
that promote integration and reduce immunogenicity.[326,327]

Next-generation research prioritizes programmable biointer-
faces to transcend biocompatibility limits. Synthetic piezoelectric 
tissues, genetically engineered collagen hybrids incorporating 
integrin-binding RGD motifs, promote host tissue integration. 
Concurrently, CRISPR-designed extracellular vesicles deliver 
PD-L1 proteins for immune-stealth functionality, mitigating 
foreign-body responses through transient immunosuppression. 
These biologically encoded interfaces transform PENG from 
passive implants into actively integrated systems, overcoming 
fundamental biocompatibility barriers.

5.2.2 Long-term stability challenges

For PENG to function effectively in biomedical applications, 
they must remain stable under physiological conditions and op-
erate reliably over extended periods. The human body presents 
a harsh environment for electronic devices, with factors such as 
moisture, enzymatic degradation, temperature fluctuations, and 
mechanical stress potentially degrading PENG materials over 
time.

A significant challenge is material degradation due to pro-
longed exposure to bodily fluids.[328] Conventional piezoelec-
tric materials may undergo hydrolysis, corrosion, or loss of 
mechanical integrity. To address this, researchers are exploring 
water-repellent and bioinert coatings, such as silicon dioxide 
(SiO₂), graphene oxide, and fluorinated polymers, to extend the 
lifespan of PENG.[220] Additionally, the development of flexible 
and stretchable PENG based on materials like PVDF-TrFE and 
hybrid inorganic-organic composites enables better resistance 
to dynamic mechanical forces within the body.[16,242] Anoth-
er issue is the loss of energy efficiency over time. Repeated 
mechanical stress can lead to fatigue and microstructural 
damage, degrading the device’s piezoelectric performance. To 
enhance durability, researchers are investigating self-healing 
materials capable of autonomously repairing microcracks and 
defects.[324] Furthermore, integrated hybrid energy harvest-
ing systems, such as combining PENG with biofuel cells or 
TENG, can help maintain stable power output over extended 
periods.[329]

To achieve long-term stability, we suggest that transition 
from passive encapsulation to dynamic self-adaptive archi-
tectures. Topology-optimized gyroid nanolattices harness 
geometric confinement to resist enzymatic degradation. 
Meanwhile, 4D-printed shape-memory scaffolds intelligently 
reconfigure their microstructure in response to physiological 
variations. These biologically responsive systems transform 
implants into seamlessly integrated components, sustaining 
functionality through continuous adaptation to the living 
environment.

In summary, while PENG offers exciting potential for 
self-powered biomedical devices, their long-term success  
depends on advancements in biocompatibility and stability. 
Innovations in lead-free materials, biomimetic coating, flex-
ible structures, and self-healing mechanisms are essential to 
ensure their safe and effective operation within the human 
body. Continued interdisciplinary research in materials science, 

bioengineering, and nanotechnology is crucial to fully realizing 
the potential of PENG in medical applications.

5.3 Mechanical durability and flexibility for biomedical 
monitoring

PENG faces substantial challenges in achieving mechanical 
durability and flexibility for biomedical use, as they must 
withstand repeated mechanical stress while conforming to 
dynamic biological surfaces. Many conventional materials 
are brittle and prone to fatigue, leading to functional degra-
dation under cyclic loading. In contrast, flexible alternatives 
often suffer from reduced piezoelectric performance and long-
term instability. Adhesion between active materials and soft 
substrates remains problematic, as delamination under strain 
can diminish energy output. Material selection is further con-
strained by biocompatibility requirements, limiting the use of 
high-efficiency but toxic components. Environmental factors, 
including moisture, temperature variations, and biological flu-
ids, pose additional risks to device stability without effective 
encapsulation. Moreover, seamless integration with sensors 
and electronics is complicated by strain-induced property 
changes and interfacial resistance. Overcoming these issues 
requires advances in composite material design, resilient mi-
crostructures, and biocompatible architectures to ensure long-
term, high-performance operation in wearable or implantable 
settings.

Biological intelligence inspires revolutionary solutions: 
Mussel foot-inspired polymers achieve self-healing through re-
versible sacrificial bonds, dynamically repairing microdamage 
during stress. Pericarp-mimetic barriers provide seamless envi-
ronmental defense while maintaining exceptional flexural com-
pliance. This harmonious fusion of nature’s designs transforms 
rigid devices into adaptive biomechanical interfaces, ensuring 
enduring functionality within living systems.

6. Conclusion and prospects

6.1 Conclusion

PENG have emerged as a transformative technology in biomed-
ical diagnostics, seamlessly integrating energy harvesting and 
precision sensing to redefine the monitoring and interpretation 
of physiological signals. Recent advancements underscore their 
revolutionary potential in healthcare: in cardiovascular mon-
itoring, wearable PENG patches enable real-time tracking of 
HR, blood pressure, and vascular health; in respiratory diag-
nostics, flexible PENG-based sensors provide critical metrics 
such as respiratory rate, tidal volume, and obstruction status, 
aiding in the diagnosis of lung diseases; in neuromuscular in-
terfaces, PENG decode muscle contractions and gait dynamics, 
enhancing the quality of life for patients with specific health 
conditions; and in metabolic and neural sensing, implantable 
PENG devices monitor blood glucose dynamics and brain ac-
tivity, while smart wound dressings leverage self-generated elec-
tric fields to combat infections and accelerate healing. These 
innovations highlight the immense potential of PENG in ad-
vancing personalized medicine and enabling real-time health 
monitoring.

PENG demonstrates significant near-term potential for clin-
ical translation, particularly in cardiovascular monitoring, re-
spiratory sensing, and wound healing, driven by compelling 
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preclinical results and simpler integration pathways. In cardio-
vascular applications, implantable PENG like ultrathin PVDF/
HHE sensors have successfully tracked real-time hemodynam-
ics and micropressure changes in arterial walls within living pig 
models,[273] while wearable versions, such as piezoelectric sen-
sors embedded in watch straps, have already achieved clinical 
validation with accuracy comparable to standard blood pressure 
monitors.[278] For respiratory monitoring, fully integrated wear-
able solutions exist, including smart masks with 3D-printed  
cellulose nanocrystal sensors capable of autonomously distin-
guishing breathing patterns[285] and PLLA-based airflow trans-
ducers that have quantified metabolic rates in human trials.[286] 
Wound healing represents another highly promising near-term 
application, where PENG-based dressings incorporating mate-
rials like ZnO-PVDF/sodium alginate scaffolds showed 98.74% 
wound closure within 14 days in vivo studies, simultaneously 
offering antibacterial benefits and biocompatibility.[311] While 
neural interfaces and metabolic tracking hold future promises, 
challenges like chronic biocompatibility, power stability, and 
complex regulatory hurdles currently delay their clinical entry. 
In contrast, cardiovascular, respiratory, and wound-healing 
PENG leverage their relative simplicity of integration, lower 
power requirements, and robust preclinical performance data, 
positioning them clearly at the forefront for imminent clinical 
adoption.

However, the path to clinical translation is fraught with  
challenges. Limitations in power density restrict their use in energy- 
intensive applications, and the long-term stability of biocom-
patible materials in corrosive physiological environments  
remains uncertain. Mechanical fatigue under cyclic stress and 
the integration of sustainable energy storage systems also de-
mand urgent attention. Addressing these issues will require  
interdisciplinary collaboration, uniting expertise in materials 
engineering, biomechanics, and data science to overcome exist-
ing barriers and unlock the full potential of PENG in biomedical 
applications (Figure 15).

6.2 Prospects

6.2.1 Advances in multifunctional PENG

Next-generation PENG are poised to transcend their traditional 
role in energy harvesting by integrating multifunctional capabil-
ities. Hybrid architectures that combine piezoelectric materials 
with triboelectric, thermoelectric, or optoelectronic elements 
(eg., PENG-TENG hybrids) will amplify power output and 
enable multimodal sensing. For instance, a PENG embedded 
within a drug-eluting hydrogel can simultaneously monitor 
wound pH, release antibiotics, and generate therapeutic electric 
fields to accelerate tissue regeneration.[330] Additionally, “smart” 
PENG integrated into microfluidic or optoelectronic interfaces 
can facilitate real-time biochemical sensing (eg., glucose, lac-
tate) alongside mechanical signal detection.[331] Innovations in 
piezoelectric composites, such as PZT-PVDF matrices doped 
with conductive nanoparticles (eg., graphene, MXenes), will 
further enhance charge transfer efficiency and enable dual-mode 
sensing-actuation systems for applications like closed-loop 
neuromodulation.[332]

Recent advancements in multifunctional PENG have un-
locked new frontiers in energy harvesting and self-powered sys-
tems, driven by innovations in materials, device architectures, 
and integration strategies. Significant progress has been made in 
improving the performance and versatility of PENG through the 

use of advanced piezoelectric materials, including ZnO nanow-
ires, BaTiO₃ nanoparticles, and PVDF-based polymers, which 
exhibit high piezoelectric coefficients, flexibility, and biocompat-
ibility.[325] Hybrid structures that integrate PENG with TENG 
or other energy harvesters have expanded their functionality, 
enabling simultaneous energy harvesting from multiple sourc-
es such as mechanical vibrations, human motion, and environ-
mental stimuli.[329,333] Flexible and stretchable PENG, fabricated 
using substrates like PDMS and Ecoflex, are paving the way 
for wearable electronics and biomedical applications, includ-
ing self-powered health monitors and implantable devices.[334] 
Furthermore, nanostructured surfaces and optimized electrode 
designs have significantly enhanced power output and efficiency, 
enabling PENG to power low-energy electronics and sensors.

The prospects for multifunctional PENG are highly prom-
ising, particularly in healthcare and wearable electronics. 
In medical applications, PENG have the potential to power 
implantable devices such as pacemakers and drug delivery  
systems by harvesting biomechanical energy. Wearable electr-
jlnics, including smart clothing and fitness trackers, can also 
benefit from PENG’ ability to generate energy from everyday 
activities. However, challenges remain in improving the dura-
bility, reliability, and energy conversion efficiency of PENG, 
particularly under harsh conditions or sustained mechanical 
stress. Scalable manufacturing techniques, such as roll-to-
roll printing and 3D printing, are critical to commercializing 
PENG and reducing production costs. Additionally, addressing 
potential material toxicity and environmental impacts, espe-
cially in biomedical applications, is essential to ensuring safe 
and sustainable deployment.

6.2.2 Role of AI in PENG-powered sensors

AI is revolutionizing PENG-powered sensors, significantly en-
hancing their energy efficiency, data processing capabilities, and 
adaptive functionality. PENG, which harvests energy from am-
bient mechanical sources such as vibrations or body motion, 
often faces challenges due to low and irregular power output. AI 
addresses these limitations by optimizing energy management, 
enabling real-time decision-making, and extracting actionable 
insights from sensor data. This synergy between AI and PENG 
is unlocking transformative applications across healthcare, envi-
ronmental monitoring, industrial IoT, and smart infrastructure.

AI plays a pivotal role in optimizing energy harvesting and 
power management for PENG, enabling reliable remote mon-
itoring. ML algorithms analyze patterns in mechanical inputs, 
such as human motion or industrial vibrations, to dynamical-
ly adjust PENG parameters, including resonant frequency or 
electrode configuration, to maximize energy capture.[335] Rein-
forcement learning models further enhance power management 
by predicting energy demand and efficiently allocating stored 
energy, ensuring consistent operation even with intermittent 
power generation. This AI-driven approach enhances the en-
ergy autonomy of PENG-powered sensors, making them ideal 
for long-term deployment in remote or resource-constrained 
environments.

AI empowers PENG sensors to perform real-time data anal-
ysis on-device, reducing reliance on energy-intensive cloud 
computing. TinyML, a subset of ML designed for edge devices, 
enables sensors to process data locally. For instance, wearable 
PENG sensors can analyze biomechanical data, such as gait 
patterns or joint movements, to detect abnormalities like falls 
or arrhythmias without requiring external connectivity. This 
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capability not only improves response times but also enhances 
privacy and energy efficiency.

AI enhances the adaptability and autonomy of PENG sen-
sors by enabling them to respond to changing environments or 
user behaviors. Self-learning algorithms allow sensors to con-
tinuously refine their performance based on real-time data. For 
example, PENG-based pressure sensors in smart shoes can learn 
a user’s walking patterns to optimize energy harvesting while 
providing personalized gait analysis. Additionally, AI facilitates 
multimodal sensor fusion, integrating data from PENG with 
inputs from complementary sensors, such as temperature or 
biochemical sensors, to enable comprehensive monitoring and 
decision-making.

In the healthcare sector, AI-driven PENG sensors are driv-
ing significant advancements. Wearable and implantable devices 
can monitor physiological signals, such as HR or respiration, in 
real time, offering personalized feedback for physical therapy 
or chronic disease management. AI also supports closed-loop 
implantable systems, where PENG sensors monitor physiologi-
cal parameters and autonomously adjust medical interventions, 
such as pacemakers or drug delivery systems, to enhance treat-
ment efficacy and patient outcomes.

In summary, AI is transforming PENG-powered sensors into 
intelligent, autonomous systems capable of real-time analysis, 
adaptive learning, and predictive actions. By optimizing energy 

harvesting, enabling intelligent data processing, and enhanc-
ing functionality, AI unlocks the full potential of PENG across 
diverse applications. As these technologies mature, AI-driven 
PENG sensors will play a central role in shaping a smarter, 
healthier, and more sustainable world, driving innovation in 
healthcare, environmental monitoring, and industrial IoT.

6.2.3 Sustainable and eco-friendly PENG

The development of sustainable and environmentally friendly 
PENG represents a pivotal advancement in addressing glob-
al energy challenges and reducing environmental footprints. 
PENG harness mechanical energy from ambient sources—
such as vibrations, human motion, wind, or water flow—and 
converts it into electrical energy, inherently aligning with sus-
tainable development goals by enabling fossil fuel-free power  
generation. However, realizing their full environmental potential 
hinges on advancements in material innovation, manufacturing 
processes, end-of-life management, and integration with green 
technologies.[336] Recent research has focused on replacing tra-
ditional piezoelectric materials, such as lead-based compounds, 
which pose significant toxicity risks, with biocompatible and 
biodegradable alternatives. For instance, ZnO nanowires, Ba-
TiO₃, and organic polymers like PVDF or cellulose-based com-
posites offer comparable piezoelectric performance without 

Figure 15.  Overview of piezoelectric sensor monitoring, including research challenges and limitations, emerging research direction, potential applications, and 
development roadmap.
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environmental hazards. Innovations such as biomimetic designs 
and hybrid materials further enhance energy output while utiliz-
ing renewable resources.

Equally critical is the transition toward green manufactur-
ing practices. Techniques such as solvent-free processing, 3D/4D 
printing with biodegradable resins, and roll-to-roll manufac-
turing can significantly reduce energy consumption and waste. 
For example, researchers have developed PENG printed on 
biodegradable substrates like PLLA or paper, which naturally  
decompose after use, thereby minimizing electronic waste.[42] Ad-
ditionally, the incorporation of self-healing materials can extend 
device lifespans, reducing the need for frequent replacements.[324]

Nevertheless, challenges persist. While lead-free materials are 
safer, many still rely on rare earth elements such as barium, rais-
ing concerns about resource scarcity. Researchers are exploring 
abundant alternatives, such as keratin derived from human hair 
or cellulose nanofibers from agricultural waste, although their 
piezoelectric coefficients currently lag behind those of synthetic 
materials.[337] Scalability remains another obstacle, as eco-friendly  
manufacturing methods must balance cost, speed, and perfor-
mance to compete with conventional electronics. Furthermore, 
the establishment of regulatory frameworks and standardized 
recycling protocols for piezoelectric devices is essential to ensure 
circularity and sustainable end-of-life management. Addressing 
these challenges will be crucial for advancing PENG as a viable 
and environmentally responsible energy solution.

6.2.4 Optimization strategies for targeted biomedical 
applications

Tailoring PENG for specific biomedical diagnostic applica-
tions necessitates strategic optimization across key operational  
parameters to align with the unique demands of physiolog-
ical monitoring. A primary focus lies in adapting the device’s 
frequency response characteristics. Given the inherently low- 
frequency nature of most biomechanical energy sources, such 
as heartbeats, respiration, or joint movements, optimization  
often involves structural engineering to enhance sensitivi-
ty within these specific spectral ranges. This can be achieved 
through resonant design modifications, strategic material layer-
ing, or the incorporation of flexible architectures that efficiently 
transduce slow, large-amplitude bodily motions into electrical 
signals. Conversely, applications targeting higher-frequency 
phenomena, like muscle tremors or neural oscillations, may pri-
oritize materials and nanostructuring techniques that maximize 
responsiveness to rapid, subtle vibrations. Concurrently, tuning 
pressure sensitivity is crucial for diverse diagnostic scenarios. 
Detecting faint physiological pressures, such as subtle vascular 
changes or intracranial fluctuations, demands PENG designs 
with amplified charge generation under minimal mechanical 
stress. This is frequently pursued through advanced material 
composites featuring enhanced piezoelectric coefficients, con-
trolled micro/nanostructuring to increase effective strain, and 
electrode configurations optimized for efficient charge collection 
from low-force inputs. For applications requiring the monitor-
ing of more pronounced forces, such as gait analysis or muscu-
loskeletal activity, robustness and linearity over a wider pressure 
range become paramount. Furthermore, enhancing power out-
put and energy conversion efficiency remains a persistent goal,  
especially for powering integrated sensors or wireless transmis-
sion modules within implantable or wearable systems. Strate-
gies here encompass hybrid energy harvesting approaches that 
synergistically combine piezoelectricity with other mechanisms, 

sophisticated circuit design for effective impedance matching 
and energy management, and the development of materials or 
multilayer configurations that boost charge density generation 
per mechanical cycle. Ultimately, the successful integration of 
PENG into practical biomedical diagnostics hinges on a holistic 
optimization approach, carefully balancing frequency response, 
pressure sensitivity, and power generation capabilities against 
constraints like biocompatibility, miniaturization, and long-
term stability to achieve clinically relevant performance for the 
intended physiological target.

To overcome inherent output limitations, hybrid systems com-
bining piezoelectric and triboelectric mechanisms are attracting 
growing interest. TENG offers several key advantages, including 
high instantaneous voltage output, excellent responsiveness to 
irregular and low-frequency biomechanical motions, and broad 
material compatibility that supports lightweight, stretchable de-
signs. Their simple fabrication and scalability further enhance 
their suitability for wearable or implantable platforms.[338–340] 
When integrated with PENG, these hybrid devices can leverage 
complementary strengths—mechanical robustness and frequen-
cy selectivity from PENG, combined with high charge density and 
material versatility from TENGs—enabling more efficient ener-
gy harvesting across diverse physiological scenarios. PENG is set 
to drive a transformative shift from passive healthcare to proac-
tive health management. By bridging material innovation with 
clinical needs, these devices will enable decentralized, patient- 
specific diagnostics, empowering individuals to monitor their 
health in real time while reducing healthcare costs.[341] The inte-
gration of PENG with AI, IoT, and sustainable technologies will 
not only advance precision medicine but also promote equitable 
access to state-of-the-art medical services. As research transi-
tions from laboratory breakthroughs to practical applications, 
PENG is set to usher in a new era of intelligent, autonomous, 
and environmentally sustainable biomedical technologies,  
ultimately transforming the global healthcare landscape.
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