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Abstract: 

Piezoelectricity is a distinctive electromechanical coupling 

phenomenon in which mechanical deformation produces an electrical 

response and an applied electric field produces mechanical deformation. 

Since its discovery in the nineteenth century, piezoelectricity has developed 

into an important scientific and technological field involving materials 

science, solid-state physics, electronics, mechanical engineering, biomedical 

engineering, energy technology, and nanotechnology. The phenomenon is 

observed in a range of crystalline, ceramic, polymeric, composite, and 

biological materials that possess appropriate non-centrosymmetric 

structures. Lead zirconate titanate (PZT), barium titanate, zinc oxide, 

aluminum nitride, potassium sodium niobate, polyvinylidene fluoride, and 

several emerging composite materials have demonstrated useful piezoelectric 

characteristics. Recent developments have expanded piezoelectric technology 

toward self-powered electronics, wearable sensors, biomedical implants, 

tissue engineering, structural health monitoring, flexible electronics, 

environmental remediation, and nanoscale energy harvesting. At the same 

time, environmental concerns associated with lead-containing materials have 

stimulated intensive research into lead-free alternatives.  

 

Keywords: Piezoelectricity, Piezoelectric Materials, Electromechanical 

Coupling, PZT, Lead-Free Ceramics, Energy Harvesting.  

 

ISSN: 2347-7075 

Impact Factor – 8.141 

 

Volume - 13 

Issue - 2 

November - December 2025 

Pp. 265 – 274 

 

Submitted:  12 Dec 2025 

Revised:  29 Dec 2025 

Accepted:  31 Dec 2025 

Published:  5 Jan 2026 

 

Corresponding Author:  
Rohit Limbraj Mote  

Quick Response Code: 

 
Website: https://ijaar.co.in/ 

 
DOI: 10.5281/zenodo.22069785 

 

DOI Link: 

https://doi.org/10.5281/zenodo.220

69785  

 

 
Creative Commons 

Creative Commons (CC BY-NC-SA 4.0) 

This is an open access journal, and articles are distributed under the terms of the Creative 
Commons Attribution-NonCommercial-ShareAlike 4.0 International License (CC BY-NC-SA 4.0), 
which permits others to remix, adapt, and build upon the work non-commercially, provided that 
appropriate credit is given and that any new creations are licensed under identical terms. 

 

How to cite this article:   

Rohit Limbraj Mote (2025). Piezoelectricity: Fundamental Principles and Emerging Applications. 

International Journal of Advance and Applied Research, 13(2), 265 – 274. 

https://doi.org/10.5281/zenodo.22069785   

Introduction: 

Piezoelectricity represents one of the 

most useful forms of direct coupling 

between mechanical and electrical energy. In 

a piezoelectric material, mechanical stress 

can generate electrical polarization, while an 

externally applied electric field can induce 

mechanical strain. These two processes are 

generally described as the direct and 

converse piezoelectric effects, respectively. 

Because the phenomenon permits reversible 

energy conversion, piezoelectric materials 

can function as sensors, actuators, 

transducers, generators, and energy 
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harvesters. Recent reviews have emphasized 

that this combination of fast response, 

compact structure, high sensitivity, and 

electromechanical conversion makes 

piezoelectric materials important for modern 

smart-device technologies (Sekhar et al., 

2023). The fundamental origin of 

piezoelectricity is associated with crystal 

symmetry. A material must lack a center of 

inversion for piezoelectric polarization to 

develop under mechanical deformation. Of 

the crystallographic point groups, most non-

centrosymmetric groups permit 

piezoelectricity, while some specific 

symmetry classes are excluded because their 

symmetry prevents the development of a net 

polarization. This relationship between 

crystal structure and macroscopic electrical 

response makes crystallography central to 

piezoelectric materials science. The 

technological importance of piezoelectricity 

has increased substantially with the 

development of microelectronics, wireless 

sensors, flexible electronics, biomedical 

devices, and autonomous energy systems. 

Piezoelectric materials can transform small 

mechanical motions or environmental 

vibrations into electrical signals and 

therefore provide opportunities for self-

powered systems. Mahapatra et al. (2021) 

highlighted their importance for harvesting 

mechanical energy from vibration, human 

movement, and mechanical loading and for 

powering low-energy electronic devices. The 

present review examines piezoelectricity 

from fundamental physical principles toward 

emerging applications. Particular attention is 

given to the relationship between structure, 

material properties, electromechanical 

coupling, device architecture, and practical 

performance. 

 

Fundamental Principle of Piezoelectricity: 

The word piezoelectricity originates 

from the Greek words associated with 

pressure and electricity. The direct 

piezoelectric effect occurs when mechanical 

stress produces electrical polarization or 

charge separation within a suitable material. 

Conversely, the application of an electric 

field produces mechanical deformation 

through the converse piezoelectric effect. 

These effects are not two unrelated 

phenomena; they arise from the same 

underlying electromechanical coupling. At 

the microscopic level, mechanical 

deformation changes the relative positions of 

positive and negative charge centers in a 

non-centrosymmetric crystal. The 

displacement of these charge centers 

generates an electric dipole moment. When 

many unit cells respond collectively, a 

measurable macroscopic polarization 

develops. Conversely, an electric field 

modifies the positions of charged ions or 

dipoles and produces mechanical strain. 

Recent studies of lead-free perovskite 

materials emphasize that phase boundaries, 

domain structures, and polarization 

configurations strongly influence the 

resulting piezoelectric response (Li et al., 

2018). The constitutive equations of 

piezoelectricity describe the relationship 

between mechanical stress, strain, electric 

field, and electric displacement. In 

simplified form, the direct piezoelectric 

relationship can be expressed as: 
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D = dT + εE 

Where  D = electric displacement,  

            D = piezoelectric coefficient 

            T = mechanical stress 

            ε = dielectric permittivity 

            E = electric field. 

The converse effect can similarly be 

represented by: 

S = sT + dᵀE 

Where, S = mechanical strain  

             s = elastic compliance  

These equations demonstrate that 

piezoelectric materials simultaneously 

possess mechanical, dielectric, and 

electromechanical characteristics. 

 

Crystal Symmetry and Origin of 

Piezoelectricity: 

Crystal symmetry is one of the most 

fundamental determinants of piezoelectric 

behavior. A centrosymmetric crystal 

possesses a symmetry operation that maps 

every point in the crystal to an equivalent 

point through inversion. Under such 

symmetry, mechanically induced charge 

displacements cancel at the macroscopic 

level. Consequently, centrosymmetric 

materials cannot normally display the 

conventional piezoelectric effect. Non-

centrosymmetric crystals, however, permit 

the development of net polarization under 

mechanical deformation. Ferroelectric 

materials represent an especially important 

subgroup because they possess switchable 

spontaneous polarization. When a 

ferroelectric ceramic is manufactured, its 

microscopic domains may initially have 

different polarization directions. Poling 

under a strong electric field partially aligns 

these domains, resulting in a macroscopic 

piezoelectric response. The 

electromechanical properties therefore 

depend not only on chemical composition 

but also on domain orientation, grain 

structure, defects, crystallographic phase, 

processing conditions, and poling history. 

Zhang et al. (2019) explained that chemical 

modification of potassium sodium niobate 

can enhance piezoelectric performance by 

controlling phase coexistence, local 

structural heterogeneity, and defect-related 

effects. 

 

Important Piezoelectric Parameters: 

Several material parameters are used 

to evaluate piezoelectric performance. The 

piezoelectric charge coefficient, commonly 

represented by d, indicates the amount of 

electrical charge generated per unit 

mechanical stress or the mechanical strain 

generated per unit electric field. The 

piezoelectric voltage coefficient, g, is 

associated with voltage generation under 

mechanical stress. The electromechanical 

coupling factor, k, represents the 

effectiveness with which electrical energy 

can be converted into mechanical energy and 

vice versa. Dielectric constant, mechanical 

quality factor, elastic compliance, Curie 

temperature, coercive field, remanent 

polarization, and dielectric loss are also 

important. For energy harvesting 

applications, the material must provide 

adequate electrical output under the expected 

mechanical excitation. However, a high 

piezoelectric coefficient alone does not 

guarantee a high-performing device. Device 

geometry, mechanical coupling, resonance, 

https://ijaar.co.in/


 

International Journal of Advance and Applied Research  
Peer Reviewed | International Open Access Journal 

ISSN: 2347-7075 | Impact Factor – 8.141 | Website: https://ijaar.co.in/ 
 Volume-13, Issue-2 | November - December 2025 

  

268 
 

electrode configuration, load resistance, 

vibration frequency, and environmental 

conditions also influence the final output. 

Bowen et al. (2014) emphasized that 

piezoelectric harvesters are multiphysics 

systems in which material properties and 

mechanical coupling must be considered 

together. 

 

Major Classes of Piezoelectric Materials: 

Piezoelectric materials can broadly 

be divided into ceramics, single crystals, 

polymers, composites, thin films, and 

emerging bio-based materials. Among 

conventional ceramics, PZT remains one of 

the most technologically important because 

of its strong electromechanical response and 

relatively mature processing technology. 

Barium titanate is another important 

ferroelectric ceramic and has the advantage 

of being lead-free. Potassium sodium 

niobate (KNN), sodium bismuth titanate 

(BNT), and related perovskite systems have 

attracted considerable interest as alternatives 

to lead-containing materials. Wu et al. 

(2015) reviewed the development of KNN-

based materials and showed that phase-

boundary engineering is an important 

strategy for improving their piezoelectric 

performance. Polymeric piezoelectric 

materials provide different advantages. 

Polyvinylidene fluoride (PVDF) and its 

copolymers are lightweight, flexible, 

chemically resistant, and suitable for thin 

and deformable devices. Their mechanical 

flexibility makes them attractive for 

wearable electronics, flexible sensors, and 

biomedical applications. Organic 

piezoelectric biomaterials have also attracted 

attention because of their biocompatibility 

and potential integration with biological 

systems (Li et al., 2020). Piezoelectric 

composites combine two or more materials 

to achieve a balance between electrical, 

mechanical, and processing characteristics. 

Ceramic-polymer composites can combine 

the strong piezoelectric response of ceramics 

with the flexibility of polymers. 

Nanocomposites incorporating nanowires, 

nanoparticles, or two-dimensional materials 

provide additional opportunities for 

improving flexibility and device 

performance. 

 

Lead-Free Piezoelectric Materials: 

One of the most important directions 

in contemporary piezoelectric research is the 

development of lead-free materials. PZT-

based materials provide excellent 

piezoelectric performance, but the presence 

of lead raises environmental, health, 

manufacturing, and disposal concerns. 

Consequently, researchers have investigated 

KNN, BNT, barium titanate, and other lead-

free compositions. Lead-free materials have 

progressed significantly, but complete 

replacement of PZT remains challenging 

because different applications require 

different combinations of piezoelectric 

coefficient, temperature stability, mechanical 

quality factor, reliability, and processing 

characteristics. Shibata et al. (2018) reported 

that some lead-free piezoceramics have 

reached performance levels suitable for 

selected commercial applications, although 

their overall performance in many devices 

remains below that of PZT. KNN is 

particularly promising because of its 

https://ijaar.co.in/
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relatively high Curie temperature and 

favorable electromechanical properties. 

However, processing difficulties, alkali 

volatility, densification problems, and 

compositional sensitivity remain important 

challenges. Zhang et al. (2019) reported that 

chemical modification and phase 

engineering can improve KNN properties 

while influencing thermal stability and 

fatigue behavior. 

 

Piezoelectric Sensors: 

Piezoelectric sensors convert 

mechanical, acoustic, thermal, or vibrational 

stimuli into measurable electrical signals. 

Pressure sensors, force sensors, 

accelerometers, strain sensors, microphones, 

vibration sensors, and ultrasonic detectors 

are common examples. When mechanical 

stress is applied to a piezoelectric sensing 

element, charge accumulates on its 

electrodes. The resulting electrical signal can 

be measured and correlated with the applied 

mechanical stimulus. Because piezoelectric 

sensors can respond rapidly to dynamic 

changes, they are particularly effective for 

vibration and impact measurements. In 

structural health monitoring, piezoelectric 

sensors can detect strain, cracking, 

delamination, impact, and other structural 

changes. Their small dimensions allow 

surface mounting or embedding within 

composite structures. Tuloup et al. (2019) 

reviewed manufacturing, integration, and 

wiring strategies for in situ piezoelectric 

devices used in manufacturing monitoring 

and structural health monitoring of polymer-

matrix composites. Flexible piezoelectric 

sensors are increasingly being developed for 

wearable systems. They can detect pressure, 

bending, stretching, body movement, pulse, 

respiration, and mechanical contact. 

Compared with rigid ceramic sensors, 

polymer-based devices offer greater 

conformability and can be integrated into 

clothing, skin-mounted devices, and flexible 

electronic platforms. 

 

Piezoelectric Actuators: 

The converse piezoelectric effect 

provides the foundation for piezoelectric 

actuators. When an electric field is applied, 

the piezoelectric element changes its 

dimensions. Although the displacement of a 

single layer is often small, multilayer 

configurations, bending structures, stacks, 

and amplified mechanisms can produce 

useful motion. Piezoelectric actuators are 

valued for high precision, rapid response, 

and fine displacement control. They are used 

in optical positioning, precision 

manufacturing, inkjet printing, vibration 

control, ultrasonic motors, microscopy, and 

micropositioning systems. Their response 

can occur at high frequencies, making them 

useful in applications where conventional 

electromagnetic actuators are too slow or 

bulky. At the microscale, piezoelectric 

actuators can be integrated into MEMS and 

NEMS devices. Their compatibility with 

microfabrication allows compact 

electromechanical systems to be developed 

for sensing, actuation, communication, and 

biomedical applications. 

 

Piezoelectric Energy Harvesting: 

Piezoelectric energy harvesting 

converts mechanical energy from the 

https://ijaar.co.in/
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environment into electrical energy. 

Vibrations from machinery, transportation, 

walking, flowing fluids, building structures, 

and human motion can serve as energy 

sources. A piezoelectric element subjected to 

cyclic deformation generates an alternating 

electrical output. The basic energy-

harvesting configuration generally contains a 

piezoelectric material, electrodes, 

mechanical structure, rectification circuit, 

power-management system, and energy-

storage element. Cantilever beams with 

attached proof masses are widely 

investigated because resonance can amplify 

mechanical strain. Liu et al. (2018) reviewed 

piezoelectric energy-harvesting technologies 

and identified material selection, structural 

configuration, fabrication, performance 

enhancement, and application-specific 

design as major considerations. Zhu et al. 

(2018) further emphasized that high-

performance piezoelectric energy harvesters 

require adequate power output and broad 

operating bandwidth, especially when 

environmental vibration frequencies vary. 

Potential applications include wearable 

systems, tire-pressure monitoring, 

pacemakers, and structural monitoring. The 

major advantage of piezoelectric harvesting 

is that it can provide localized power for 

low-energy electronics. However, harvested 

energy is normally insufficient to replace 

conventional power sources for high-energy 

applications. Consequently, piezoelectric 

harvesters are most suitable for low-power 

sensors, wireless nodes, biomedical 

implants, and autonomous monitoring 

systems. 

 

Piezoelectric Nanogenerators: 

Miniaturization has resulted in the 

development of piezoelectric nanogenerators 

capable of converting small mechanical 

movements into electrical signals. 

Nanostructured ZnO, PZT, BaTiO₃, PVDF, 

and other materials have been investigated in 

nanowire, nanofiber, thin-film, and 

composite architectures. Piezoelectric 

nanogenerators can function simultaneously 

as energy harvesters and active mechanical 

sensors. Hu et al. (2015) reviewed 

piezoelectric nanogenerators based on 

different structures and emphasized their 

potential as sustainable power sources and 

self-powered sensing components. 

Nanogenerator performance depends on 

material properties, crystal orientation, 

electrode structure, mechanical deformation, 

frequency, device dimensions, and electrical 

loading. Roji et al. (2017) reported that 

piezoelectric nanogenerators have been 

investigated for self-powered sensors, 

consumer electronics, wearable devices, 

automobiles, medical technologies, and 

other applications. 

 

Piezoelectricity in Biomedical 

Applications: 

Piezoelectric materials have 

increasingly entered biomedical engineering 

because mechanical activity is naturally 

present within biological systems. 

Heartbeats, blood flow, muscle movement, 

joint motion, respiration, and body 

movement can provide mechanical 

stimulation that can potentially be converted 

into electrical energy. Piezoelectric materials 

are used or investigated for ultrasound 

https://ijaar.co.in/
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transducers, biosensors, pressure sensors, 

implantable devices, tissue-engineering 

scaffolds, drug-delivery systems, and neural 

interfaces. Chorsi et al. (2019) highlighted 

the potential of biocompatible piezoelectric 

materials for biosensors and bioactuators 

capable of sensing biological forces, 

stimulating tissue growth, and supporting 

medical diagnosis. Bio-piezoelectric 

materials provide another emerging 

direction. Biological materials and 

biodegradable polymers may provide 

mechanical-electrical interactions while 

reducing long-term concerns associated with 

permanent implants. Lay et al. (2021) 

reviewed intrinsic piezoelectricity in 

biological materials and emphasized their 

potential advantages in biocompatibility, 

biodegradability, tissue engineering, and 

energy harvesting. Piezoelectric scaffolds 

are particularly interesting because 

mechanical stimulation can generate local 

electrical signals that influence cellular 

behavior. This may support tissue 

regeneration by providing an electroactive 

environment resembling aspects of natural 

biological tissues. 

 

Tissue Engineering and Regenerative 

Medicine: 

The application of piezoelectricity to 

tissue engineering represents an emerging 

interdisciplinary field. Bone and other 

biological tissues possess electro-mechanical 

characteristics, and electrical stimulation can 

influence cellular activity. Artificial 

piezoelectric scaffolds may therefore 

provide mechanical support while 

simultaneously generating electrical signals 

during movement or mechanical loading. 

Bio-piezoelectric platforms have been 

investigated for tissue regeneration, 

biosensing, and disease treatment. Zhang et 

al. (2022) described the development of bio-

piezoelectric platforms and emphasized 

relationships among material structure, 

piezoelectric properties, biological 

compatibility, and biomedical performance. 

Potential applications include bone 

regeneration, cartilage repair, neural tissue 

engineering, wound healing, and implantable 

biosensors. Nevertheless, long-term 

biocompatibility, degradation behavior, 

mechanical matching with tissues, 

sterilization, and controlled electrical output 

remain important issues. 

 

MEMS, NEMS and Flexible Electronics: 

Piezoelectric materials are highly 

compatible with miniaturized 

electromechanical systems. MEMS devices 

can use thin piezoelectric films to perform 

sensing, actuation, vibration control, and 

energy harvesting. At smaller dimensions, 

nanostructured piezoelectric materials offer 

additional opportunities for high surface-to-

volume ratios and flexible architectures. 

Flexible piezoelectric electronics are 

particularly promising because they can 

conform to curved surfaces. PVDF and 

related polymers are suitable for flexible 

sensors because of their low density and 

mechanical flexibility. Piezoelectric films 

and nanocomposites can also be 

incorporated into wearable devices. 

Mahapatra et al. (2021) emphasized the 

increasing role of nanostructured materials, 

polymers, polymer nanocomposites, and 

https://ijaar.co.in/
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piezoelectric films in flexible energy 

harvesting and self-powered sensing 

systems. 

 

Emerging Applications in Environmental 

and Chemical Technologies: 

Piezoelectricity is also being 

investigated beyond conventional sensing, 

actuation, and energy harvesting. 

Mechanical deformation of piezoelectric 

materials can generate localized electrical 

fields and surface charges that influence 

chemical reactions. This has stimulated 

research into piezocatalysis and related 

processes. Piezoelectric materials can 

potentially use environmental mechanical 

energy from water flow, vibration, acoustic 

waves, or other sources to drive chemical 

transformations. Zhang et al. (2017) 

reviewed the coupling of energy-harvesting 

materials with electrochemical systems and 

highlighted the potential of mechanically 

generated electrical energy for controlling 

chemical processes. Emerging 

environmental applications include pollutant 

degradation, water treatment, antimicrobial 

processes, and catalytic reactions. Such 

applications remain an active research area 

and require improved understanding of 

charge generation, surface reactions, 

catalytic pathways, and long-term material 

stability. 

 

Recent Advances in Lead-Free and 

Composite Systems: 

The development of high-

performance lead-free materials remains 

central to the future of piezoelectric 

technology. KNN, BNT, BaTiO₃, and 

BiFeO₃-based materials have received 

extensive attention. Wang et al. (2024) 

discussed advances in lead-free piezoelectric 

ceramics and emphasized the role of crystal 

structure, phase boundaries, and domain 

configurations in producing enhanced 

piezoelectric responses. Hybrid composites 

provide another strategy. Surmenev et al. 

(2019) reviewed lead-free polymer-based 

nanocomposites for biomedical energy 

harvesting and highlighted the potential of 

combining inorganic piezoelectric fillers 

with flexible polymer matrices. Such 

composites can provide an intermediate 

balance between high ceramic 

piezoelectricity and polymer flexibility. 

Future materials may incorporate multiple 

functional phases to provide simultaneous 

sensing, energy harvesting, self-healing, 

biocompatibility, or environmental 

responsiveness. 

 

Challenges and Future Perspectives: 

Despite major advances, several 

challenges continue to restrict the 

widespread deployment of piezoelectric 

technologies. The first is the environmental 

concern associated with lead-containing 

ceramics. Although lead-free alternatives 

have improved considerably, achieving the 

complete combination of high piezoelectric 

response, thermal stability, mechanical 

reliability, and manufacturability remains 

difficult. The second challenge concerns 

energy-harvesting efficiency. Environmental 

vibrations are often irregular, low-frequency, 

and variable. Resonant harvesters may 

provide excellent performance near a 

specific frequency but experience reduced 

https://ijaar.co.in/
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output when excitation conditions change. 

Sarker et al. (2019) emphasized the 

importance of optimization approaches for 

improving piezoelectric energy-harvesting 

systems under practical environmental 

conditions. The third challenge involves 

long-term durability. Repeated mechanical 

loading, temperature changes, humidity, 

electrical fatigue, and mechanical fracture 

can reduce performance. Device packaging 

and electrode stability are therefore 

important considerations. Future research is 

likely to focus on multifunctional materials, 

flexible and stretchable piezoelectric 

systems, lead-free ceramics, bio-based 

materials, two-dimensional materials, 

nanocomposites, self-powered sensors, and 

artificial-intelligence-assisted device 

optimization. Brusa et al. (2023) highlighted 

the continuing development of piezoelectric 

materials, manufacturing technologies, 

readout circuits, and energy-harvesting 

architectures for vibration-powered systems. 

Integration with wireless communication 

and low-power electronics will also be 

essential. A piezoelectric harvester should 

not be evaluated solely by its open-circuit 

voltage; practical performance depends on 

the complete system, including power 

conditioning, storage, electronic load, 

mechanical excitation, and operating 

environment. 

 

Conclusion: 

Piezoelectricity is a fundamental 

electromechanical phenomenon with 

applications extending from conventional 

sensors and actuators to advanced energy 

harvesters, flexible electronics, biomedical 

systems, structural monitoring, 

nanogenerators, and environmental 

technologies. Its fundamental basis lies in 

the coupling between mechanical 

deformation and electrical polarization in 

materials with suitable crystal symmetry. 

The future of piezoelectric technology will 

increasingly depend on interdisciplinary 

research combining materials science, 

physics, nanotechnology, electronics, 

biomedical engineering, and computational 

methods.   
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