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Abstract

Piezoelectric materials possess the unique ability to convert mechanical
energy into electrical signals, making them highly suitable for biomedical
applications such as tissue engineering, wound healing, biosensing, and
self-powered implants. This review summarizes recent developments in
the design, fabrication, and application of piezoelectric materials in the
biomedical field. Various material systems including ceramics, polymers,
and biopolymers are discussed with a focus on their performance,
biocompatibility, and fabrication challenges. Additionally, the review
outlines advanced fabrication techniques such as electrospinning and 3D
printing and addresses the limitations and future directions of this emerging
field.

1. Introduction

Piezoelectric materials, which generate electrical signals in response to
mechanical deformation, have emerged as powerful candidates for biomedical
applications due to their ability to interface with biological systems without the
need for external power sources. This electromechanical coupling can be
exploited to stimulate tissue growth, monitor physiological signals, and even
harvest energy from body movements (Dagdeviren et al., 2014; Zhou et al.,
2022). The natural mechanical dynamics of the human body—such as heartbeat,
respiration, and muscle movement—create an ideal environment for these
materials to operate.

The origin of piezoelectricity in biomedical applications can be traced back to the
exploration of materials like lead zirconate titanate (PZT), a ceramic with a high
piezoelectric coefficient. However, due to toxicity concerns stemming from lead
content, the focus has shifted toward lead-free ceramics such as barium titanate
(BaTiO; ) and potassium sodium niobate (KNN) (Yin et al., 2021). These
materials are being developed into biodegradable and bioresorbable formats to
reduce the need for surgical removal after therapeutic use (Chen et al., 2022).

Polymeric piezoelectric materials, particularly poly(vinylidene fluoride) (PVDF)
and its copolymers (e.g., PVDF-TrFE), offer advantages such as flexibility, ease
of processing, and mechanical compatibility with soft tissues (Persano et al.,
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2018). These polymers have been widely adopted in the development of wearable
biosensors, implantable devices, and smart wound dressings. Through
electrospinning and 3D printing, researchers have been able to fabricate fibrous
and porous scaffolds that support cell adhesion and tissue regeneration while
delivering electrical stimulation (Ghosh et al., 2019; Pan et al., 2023).

Natural piezoelectric materials such as collagen, chitosan, and cellulose have also
gained attention due to their inherent biocompatibility and biodegradability.
These biomaterials provide promising platforms for in vivo applications without
eliciting adverse immune responses (Kumar et al., 2023). Although their
piezoelectric response is typically lower compared to synthetic materials, their
performance can be enhanced through chemical modification or blending with
nanoparticles (Sun et al., 2020).

The integration of piezoelectric materials into biomedical systems opens up novel
pathways for developing self-powered sensors, actuators, and scaffolds.
However, challenges remain in optimizing their mechanical robustness,
biodegradability, and electromechanical efficiency. Continued research at the
interface of materials science, tissue engineering, and bioelectronics is essential
to fully realize the potential of these materials in clinical settings.

2. Types of Piezoelectric Materials

Piezoelectric materials are categorized based on their origin and composition,
primarily into ceramics, polymers, and natural biopolymers. Each class
exhibits unique characteristics in terms of piezoelectric response, mechanical
properties, biocompatibility, and biodegradability, influencing their suitability for
specific biomedical applications.

2.1 Ceramic-Based Piezoelectric Materials

Ceramic piezoelectric materials, particularly lead zirconate titanate (PZT), are
among the most studied due to their high piezoelectric coefficients and excellent
electromechanical coupling (Yin et al.,, 2021). PZT has been widely used in
ultrasound transducers, actuators, and energy harvesters. However, the presence
of lead raises toxicity concerns, especially for in vivo biomedical uses.

To address this, lead-free ceramics such as barium titanate (BaTiO,) and
potassium sodium niobate (KNN) are being explored. BaTiO, is biocompatible
and has demonstrated promise in bone regeneration scaffolds and biosensors
(Chen etal., 2022). KNN offers good piezoelectricity and stability while avoiding
lead-based toxicity, making it an attractive candidate for implantable devices (Yin
etal., 2021).
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Recent studies have also introduced biodegradable ceramic piezoelectrics,
which gradually dissolve in the body after use, eliminating the need for surgical
removal and reducing risks of chronic inflammation (Chen et al., 2022).

2.2 Polymeric Piezoelectric Materials

Polymeric materials such as poly(vinylidene fluoride) (PVDF) and its
copolymer PVDF-TrFE are flexible, lightweight, and mechanically compatible
with soft biological tissues. Their piezoelectricity arises from the alignment of
molecular dipoles in the B-phase crystalline structure, which can be enhanced
through stretching, poling, or incorporation of nanoparticles like ZnO or
BaTiO3 (Persanoetal.,2018).

PVDF-based materials are extensively used in wearable biosensors, flexible
implants, and self-powered medical devices due to their high dielectric strength
and ease of fabrication (Ghosh et al., 2019). Additionally, their electroactive
behavior supports cell growth and proliferation when integrated into scaffolds,
making them ideal for tissue engineering applications.

2.3 Natural Biopolymer-Based Piezoelectrics

Natural biopolymers, including chitosan, collagen, and cellulose, exhibit
inherent piezoelectric properties due to their non-centrosymmetric molecular
structures. These materials are highly biocompatible and biodegradable, which
is advantageous for temporary implants and wound healing applications (Kumar
etal., 2023).

Chitosan, derived from crustacean shells, can be engineered into nanocomposites
to improve its piezoelectric and mechanical properties. These materials have
demonstrated potential in developing probiotic implants, neural tissue
scaffolds, and energy-harvesting patches (Kumar et al., 2023). Although their
piezoelectric response is generally lower than synthetic alternatives, they can be
functionalized with nanoparticles or blended with synthetic polymers to enhance
performance.

2.4 Composite Piezoelectric Materials

To combine the advantages of ceramics and polymers, composite materials have
been developed. These materials typically embed ceramic particles (e.g.,
BaTiOs; , PZT) into a polymer matrix (e.g., PVDF) to yield improved flexibility,
processability, and piezoelectric response (Sun et al., 2020). Composites enable
custom design of materials with tunable mechanical and electrical properties for a
broad range of biomedical applications.
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innovation in healthcare technology.
4.1 Tissue Engineering

Piezoelectric scaffolds can mimic the natural electromechanical environment of
tissues such as bone, cartilage, and nerve. When mechanical forces—such as body
motion or physiological loading—are applied, these scaffolds generate localized
electrical signals that promote cell proliferation, alignment, and differentiation
(Lietal., 2021).

In bone tissue engineering, scaffolds made of BaTiO3 and PVDF have shown to
enhance osteogenic differentiation by activating voltage-sensitive calcium
channels, leading to improved bone formation (Han et al., 2020). Likewise, in
neural regeneration, piezoelectric conduits guide axonal regrowth while also
stimulating neurons with endogenous electrical signals (Chen etal., 2022).

Electrospun PVDF-TrFE nanofibers have been particularly successful due to their
flexibility, large surface area, and ability to maintain a stable B-phase, offering
promising outcomes for cardiac and musculoskeletal tissue engineering (Ghosh
etal.,2019).

4.2 Wound Healing

Piezoelectric wound dressings can accelerate wound closure by enhancing
fibroblast migration, collagen deposition, and angiogenesis under mechanical
deformation. These dressings exploit mechanical movements from respiration or
body motion to generate endogenous electric fields that simulate the natural
bioelectric signals found in wound sites (Han et al., 2020).

Hydrogels embedded with PVDF or ZnO nanoparticles have been used to fabricate
self-powered wound dressings, which not only provide a moist healing
environment but also offer real-time mechanical stimulation to boost tissue
regeneration.

4.3 Biosensing and Diagnostics

Piezoelectric sensors can detect micro-deformations and vibrations with high
sensitivity, making them ideal for real-time, non-invasive monitoring of
physiological signals such as heartbeat, respiration, joint movement, and gait.
These sensors are often integrated into wearable or skin-mounted devices for
continuous health monitoring (Lee etal.,2017).

Implantable biosensors using PVDF or KNN ceramics have also been explored to
monitor tumor growth, pressure in internal organs, and neural activity. Their
high signal-to-noise ratio and ability to function without external power improve
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Summary Table of Material Characteristics

Material Type Piezoelectric | Flexibility Bio- Bio-
Coefficient compatibility | degradability

PZT (Ceramic) Very High Low Low (Lead) No
BaTiO?, KNN Moderate-High Low Moderate Limited
(Ceramic)

PVDF (Polymer) Moderate High High No
Chitosan, Cellulose | Low-Moderate High Very High Yes
Composites Tunable Medium- Medium- Material-

High High Dependent

3. Fabrication Techniques
3.1 Electrospinning

Electrospinning produces nanofibrous scaffolds with high surface area and
porosity, ideal for tissue engineering. PVDF electrospun fibers are often used to
develop nerve and bone regeneration scaffolds due to their electromechanical
coupling and resemblance to native extracellular matrix (Ghosh etal., 2019).

3.23D Printing

Additive manufacturing or 3D printing allows for the fabrication of custom-
designed piezoelectric devices with complex geometries. This technique is
particularly beneficial in designing patient-specific implants. Recent
developments include 3D printed piezoelectric hydrogels and flexible pressure
sensors for wound healing applications (Pan etal., 2023).

3.3 Thin Film Deposition and Surface Engineering

Techniques like spin-coating, sputtering, and chemical vapor deposition are used
for thin film fabrication. Surface treatments such as corona poling and plasma
activation can enhance alignment of dipoles in polymeric materials, improving
their piezoelectric properties (Sun et al., 2020).

4. Biomedical Applications

Piezoelectric materials have found broad utility in the biomedical field due to their
ability to generate electrical signals from mechanical stimuli—a property that
enables autonomous sensing, active tissue stimulation, and energy harvesting in
vivo. Their integration into devices and systems for tissue engineering, wound
healing, biosensing, and implantable energy harvesters represents a major
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patient comfort and reduce maintenance (Persano etal., 2018).
4.4 Energy Harvesting for Biomedical Devices

Piezoelectric materials can serve as biomechanical energy harvesters,
converting kinetic energy from bodily motions—such as walking, breathing, or
heartbeat—into electrical energy. This energy can be used to power low-energy
medical implants, including pacemakers, drug delivery pumps, and biosensors
(Zhouetal.,2022).

For example, conformal PVDF-based films have been integrated onto lungs and
diaphragms to harvest energy during respiration, successfully powering small
diagnostic devices (Dagdeviren et al., 2014). This represents a step forward toward
self-sustaining implantable systems, reducing or eliminating the need for
batteries or surgical replacements.

4.5 SmartDrug Delivery

Emerging research explores piezoelectric materials in smart drug delivery
systems that release therapeutics in response to biomechanical stimuli. These
systems use mechanical stress to trigger piezoelectric stimulation, which can drive
the controlled release of drugs from reservoirs or hydrogels (Pan et al., 2023). This
technique is being explored for cancer therapy, diabetes management, and
wound treatment.

5. Challenges and Future Perspectives

While the potential of piezoelectric materials in biomedicine is immense,
challenges such as long-term stability, immune response, and precise control of
piezoelectric output remain. Future work should focus on:

e Developing biodegradable, lead-free materials,
¢ Enhancing the mechanical compatibility with soft tissues,
o Integrating machine learning for smart biosensing systems.

Multifunctional piezoelectric materials that combine sensing, energy harvesting,
and therapeutic effects will likely define the next generation of medical devices.

6. Conclusion

Piezoelectric materials offer exciting opportunities in the biomedical field
through their ability to translate mechanical stimuli into electrical signals. With
advancements in material science and fabrication methods, their application
range has expanded from sensors to regenerative medicine and beyond. Further
interdisciplinary research will be key to overcoming current limitations and
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realizing the full potential of piezoelectric-based biomedical devices.
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