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Abstract: In this project, This work focused is to developing size dependency-based nano
energy harvesters. I have chosen the beam with Bimorph Energy harvesters for the tip and mid-
positioning of masses. The performance analysis with load resistance, quality factor, inertia
factor, excitation amplitude, etc, are analyzed and recorded in the form of voltage output and
power output. The same mathematical model can be used for different boundary conditions using
the basic equation of the strength of material for calculating the stiffness or natural frequency of
the desired structure. After all, previous performance analyses for the two models analytically
explained are validated with the COMSOL. In the last section, experimental realization is well
explained on the basis of the nano thickness of the Bimorph section. We assume that the
analytical results where voltage produced by 1 nanogeneretor but for experimental purpose
length and width are taken in micro-level, or you can say the combination of the large
number of nanogeneretor while the thickness is taken in nanoscale for experimental purpose.
Using this work, you can analyze the performance analysis of a nanogenerator with a
different configuration of the structure and their effect on voltage generation, especially In
the nanoscale, As per this work, researchers gain good knowledge to design a nano energy
producing device for various areas of applications.

Keywords: Vibration-based energy harvester Nanogenerator Electromechanical
coupling Flexoelectric effect Piezoelectric effect.

1. INTRODUCTION

Modeling and analysis play a crucial role in understanding and optimizing the performance
of piezoelectric nanogenerators (PENGs). Through theoretical modeling and computational
simulations, researchers can predict the behavior of these devices under various conditions,
identify key performance parameters, and guide the design process for enhanced efficiency
and reliability. This section delves into the theoretical framework and simulation techniques
used to model the piezoelectric nanogenerator, focusing on the integration of PZT-5H and
aluminum as core materials.

The primary objective of this modeling and analysis effort is to develop a comprehensive
understanding of the mechanical and electrical interactions within the nanogenerator. By
leveraging finite element analysis (FEA) and other simulation tools, we aim to elucidate the
stress distribution, deformation patterns, and resultant electrical outputs when the device is
subjected to mechanical vibrations. This theoretical insight is pivotal for optimizing the
design parameters, such as material thickness, layer configuration, and the placement of the
tip mass, to maximize the energy conversion efficiency.

Moreover, the modeling efforts enable a comparative analysis with existing nanogenerator
designs, highlighting the advantages and potential areas of improvement for the proposed
PENG. The simulation results are validated against experimental data to ensure accuracy and
reliability, providing a robust framework for future development and innovation in
nanogenerator technology.
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In this section, we will first outline the theoretical modeling approach, detailing

the key equations and assumptions used to describe the piezoelectric effect and mechanical
behavior of the materials. Following this, we will describe the simulation setup, including the
software tools and parameters used for finite element analysis. The results of the simulations
will be analyzed to understand the mechanical stress distribution, electrical output
characteristics, and the impact of various design elements. Finally, we will discuss
optimization strategies derived from the modeling insights, aiming to enhance the
performance and applicability of the piezoelectric nanogenerator.
By integrating theoretical and computational approaches, this modeling and analysis effort
provides a comprehensive roadmap for the design and optimization of high-performance
piezoelectric nanogenerators, paving the way for their deployment in a wide range of
practical applications.

1.1 PROBLEM STATEMENT

In the pursuit of sustainable and autonomous energy solutions, piezoelectric nanogenerators
(PENGs) have garnered significant interest due to their ability to convert mechanical energy
into electrical energy. This technology holds promise for powering a variety of small-scale
devices, such as wearable electronics, medical implants, and remote sensors, where
traditional power sources like batteries are impractical. However, the practical application of
PENGs is hampered by several critical challenges that need to be addressed to realize their
full potential.

The efficiency of energy conversion in current piezoelectric nanogenerators remains
suboptimal, limiting their practical utility. Many existing designs do not efficiently harness
ambient mechanical energy, resulting in lower than desired electrical output. This
inefficiency stems from both material limitations and design complexities. For instance,
commonly used piezoelectric materials might offer high piezoelectric coefficients but lack
mechanical robustness or ease of fabrication, leading to trade-offs in overall performance.
Another significant challenge lies in the integration of diverse materials within the
nanogenerator structure. In this research, the focus is on combining lead zirconate titanate
(PZT-5H), known for its superior piezoelectric properties, with aluminum, which provides
mechanical support and electrical conductivity. The effective integration of these materials is
crucial to enhance the nanogenerator's performance. However, achieving a harmonious
combination of PZT-5H and aluminum poses technical difficulties, including ensuring strong
adhesion between layers and minimizing mechanical stress concentrations.

Moreover, accurate theoretical modeling of PENGs is essential for predicting performance
and guiding design improvements. Existing models often fall short due to the complex
interactions between mechanical deformations and electrical generation processes.
Developing a comprehensive model that accurately captures these interactions is crucial for
optimizing the nanogenerator design. This model must consider various factors such as the
mechanical properties of the materials, the configuration of the layers, and the dynamics of
mechanical energy harvesting.

The overarching objective of this research is to develop a highly efficient and reliable
piezoelectric nanogenerator using PZT-5H and aluminum. This involves optimizing the
design to maximize energy conversion efficiency, integrating the materials effectively, and
creating a robust theoretical model to predict performance accurately. By addressing these
challenges, the project aims to produce a nanogenerator capable of providing a sustainable
power source for a wide range of applications, from portable electronics to environmental
Sensors.
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Ultimately, this research seeks to advance the field of piezoelectric energy harvesting by
overcoming the current limitations of PENGs. Through meticulous design, rigorous modeling,
and comprehensive analysis, the project aspires to contribute significantly to the development of
autonomous energy solutions, thereby reducing reliance on conventional batteries and fostering
the growth of self-powered devices. The successful realization of this piezoelectric
nanogenerator could pave the way for new innovations in sustainable energy technologies and
their widespread application in various sectors.

1.2 OBJECTIVE
The primary objective of this project is to design, model, and analyze a piezoelectric
nanogenerator (PENG) that utilizes PZT-5H and aluminum to achieve high efficiency and
reliability in energy harvesting applications. This objective encompasses several specific
goals that together form a comprehensive approach to advancing the state of piezoelectric
nanogenerators.
Firstly, we aim to develop an optimized design for the PENG that maximizes the conversion
of mechanical energy into electrical energy. This involves determining the ideal layer
configuration of PZT-5H and aluminum, as well as the strategic placement of a tip mass to
enhance the piezoelectric effect. The design process will focus on achieving a balance
between maximizing electrical output and maintaining structural integrity under various
mechanical stress conditions.
Secondly, the project seeks to thoroughly understand the material properties and interactions
of PZT-5H and aluminum within the nanogenerator. PZT-5H is chosen for its superior
piezoelectric coefficients, while aluminum is selected for its excellent conductivity and
mechanical strength. By integrating these materials effectively, we aim to create a
nanogenerator that leverages the best attributes of both components. This requires detailed
analysis of their mechanical, electrical, and thermal properties and how they interact within
the layered structure of the PENG.
Another key objective is the development of a comprehensive theoretical model that
accurately predicts the performance of the nanogenerator. This model will incorporate the
piezoelectric behavior of PZT-5H, the mechanical dynamics of the structure, and the
electrical characteristics of the combined materials. Using finite element analysis (FEA) and
other simulation tools, we will validate this model against experimental data to ensure its
accuracy. The model will serve as a critical tool for optimizing the design and scaling up the
production of the nanogenerator.
In addition, we will conduct extensive experimental tests to characterize the performance of
the fabricated PENG. These tests will measure key parameters such as voltage output, current
output, power density, efficiency, and sensitivity under different mechanical loading
conditions. By comparing these experimental results with the predictions of our theoretical
model, we can identify any discrepancies and refine our design and modeling approaches
accordingly.
Finally, the project aims to identify potential applications for the developed piezoelectric
nanogenerator. By demonstrating its capability to provide a sustainable and maintenance-free
power source, we hope to highlight its suitability for various applications, including portable
electronics, medical devices, and environmental sensors. This will involve assessing the
practical performance of the nanogenerator in real-world scenarios and exploring ways to
integrate it into existing and emerging technologies.
summary, the objectives of this project are to design an efficient and reliable piezoelectric
nanogenerator using PZT-5H and aluminum, develop a validated theoretical model, conduct
thorough performance testing, and identify practical applications. By achieving these goals,
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we aim to contribute significantly to the field of energy harvesting and pave the
way for the widespread adoption of piezoelectric nanogenerators in various technological
domains.

1.3 MOTIVATION

Piezoelectric nanogenerators (PENGs) represent a cutting-edge solution at the forefront of
energy harvesting technology. Harnessing the remarkable properties of piezoelectric
materials, these devices have the capability to transform ambient mechanical energy into
electrical power at the nanoscale. The burgeoning demand for sustainable energy sources and
the proliferation of small-scale electronic devices have propelled the research and
development of PENGs, positioning them as key enablers for self-powered systems and
wearable electronics.

At the heart of piezoelectric nanogenerators lies the piezoelectric effect, a phenomenon
where certain materials generate electric charge in response to mechanical stress or strain.
Nanostructured piezoelectric materials such as zinc oxide (ZnO), lead zirconate titanate
(PZT), and polyvinylidene fluoride (PVDF) exhibit enhanced piezoelectric properties due to
their reduced dimensions, making them ideal candidates for nanogenerator applications. This
unique capability allows PENGs to scavenge energy from various sources including
vibrations, body movements, and acoustic waves, thereby offering a sustainable and
renewable power source for portable electronics and [oT devices.

One of the most compelling aspects of piezoelectric nanogenerators is their versatility and
scalability. These devices can be fabricated in a variety of forms, ranging from single-
nanowire structures to complex arrays, to suit different application requirements.
Furthermore, advancements in nanofabrication techniques have facilitated the integration of
PENGs into flexible and stretchable substrates, enabling seamless integration into wearable
electronics and smart textiles. As a result, PENGs hold immense potential for powering next-
generation wearable devices, health monitoring systems, and even implantable medical
devices, ushering in a new era of self-sustaining electronics.

The development of efficient and reliable piezoelectric nanogenerators is not without its
challenges. Designing nanoscale devices with optimal energy conversion efficiency requires
a deep understanding of material properties, device physics, and mechanical-electrical
coupling mechanisms. Furthermore, issues such as material degradation, mechanical fatigue,
and environmental stability must be addressed to ensure the long-term viability of PENGs in
real-world applications. Overcoming these challenges requires interdisciplinary collaboration
and innovative approaches in materials science, nanotechnology, and device engineering.

In conclusion, piezoelectric nanogenerators offer a promising solution for harvesting energy from
the surrounding environment and powering small-scale electronic devices with minimal
environmental impact. Through meticulous research and development efforts, these devices have
the potential to revolutionize energy harvesting technologies and pave the way for self-powered
electronics in the era of IoT and wearable technology. By exploring the fundamental principles,
advancing materials science, and pushing the boundaries of device design, we can unlock the full
potential of piezoelectric nanogenerators and usher in a new era of sustainable and autonomous
electronic systems.

2. LITERATURE SURVEY

Piezoelectric nanogenerators (PENGs) have emerged as promising devices for harvesting
mechanical energy and converting it into electrical energy at the nanoscale. This section presents
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a comprehensive review of the key research findings and advancements in the field
of PENGs, including material selection, device architectures, fabrication techniques, and
performance optimization strategies.

Piezoelectric Materials

The selection of suitable piezoelectric materials is crucial for the efficient operation of
nanogenerators. Common materials investigated for PENGs include zinc oxide (ZnO), lead
zirconate titanate (PZT), and polyvinylidene fluoride (PVDF). These materials exhibit high
piezoelectric coefficients and mechanical flexibility, making them ideal candidates for nanoscale
energy harvesting applications. Numerous studies have focused on characterizing the
piezoelectric properties of these materials at the nanoscale and exploring their integration into
various device architectures.

Device Architectures

PENGs can be designed in various architectures, ranging from single-nanowire structures to
complex nanocomposite arrays. Single-nanowire PENGs offer simplicity and ease of
fabrication, making them suitable for fundamental studies and proof-of-concept
demonstrations. On the other hand, array-based PENGs leverage the collective piezoelectric
response of multiple nanostructures to enhance energy harvesting efficiency and power
output. Researchers have explored diverse array configurations, including vertically aligned
nanowire arrays, interconnected nanobelt networks, and hierarchical nanostructures, to
optimize energy conversion performance.

Fabrication Techniques

Fabrication techniques play a critical role in realizing PENGs with precise control over
nanostructure morphology and device geometry. Top-down techniques such as electron beam
lithography (EBL) and focused ion beam (FIB) milling enable the fabrication of nanoscale
patterns and structures with high resolution. Bottom-up approaches, including hydrothermal
synthesis, chemical vapor deposition (CVD), and electrospinning, allow for the synthesis of
piezoelectric nanostructures with tailored properties and dimensions. Hybrid approaches
combining top-down and bottom-up methods offer synergistic advantages in terms of
scalability, reproducibility, and device performance.

Performance Optimization

Efforts to enhance the performance of PENGs have focused on various optimization
strategies, including structural design, material engineering, and interface tailoring. Structural
optimization involves tuning the dimensions, aspect ratio, and density of piezoelectric
nanostructures to maximize mechanical deformation and piezoelectric response. Material
engineering techniques, such as doping, alloying, and nanostructuring, aim to improve the
piezoelectric properties and mechanical robustness of selected materials. Interface
engineering strategies, including surface functionalization, interfacial bonding, and
nanostructure alignment, facilitate efficient charge transfer and minimize energy dissipation,
thereby enhancing device performance.

Challenges and Future Directions
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Despite significant progress, several challenges remain to be addressed in the
development of PENGs. These include achieving high energy conversion efficiency,
improving device durability and reliability, and scaling up fabrication processes for practical
applications. Future research directions may focus on exploring novel piezoelectric materials,
advancing nanofabrication techniques, and integrating PENGs into emerging technologies
such as flexible electronics, biomedical implants, and Internet-of-Things (IoT) devices.
Addressing these challenges and pursuing interdisciplinary collaborations will pave the way
for the widespread adoption of PENGs in diverse energy harvesting applications.

This literature survey provides a comprehensive overview of the state-of-the-art research and
developments in piezoelectric nanogenerators, highlighting key findings, challenges, and
future directions in the field.

3. DESIGN AND FABRICATION OF
PIEZOELECTRIC
NANOGENERATOR

3.1 Introduction to Piezoelectric Nanogenerator:

In an era marked by a growing demand for sustainable energy solutions and self-powered
electronic devices, piezoelectric nanogenerators (PENGs) have emerged as a promising
technology capable of harvesting mechanical energy from the environment and converting it
into electrical power at the nanoscale. Leveraging the piezoelectric effect exhibited by certain
materials, PENGs offer a pathway towards energy autonomy, enabling the development of
self-powered systems that eliminate the need for conventional batteries or external power
sources.

The piezoelectric effect, first discovered by Pierre and Jacques Curie in 1880, refers to the
phenomenon wherein certain materials generate electric charge in response to mechanical
stress or deformation. This unique property forms the basis of PENGs, which utilize
nanoscale piezoelectric elements to capture mechanical energy from sources such as
vibrations, pressure, and movement and convert it into electrical energy. By harnessing
ambient mechanical energy from the surrounding environment, PENGs have the potential to
power a wide range of electronic devices and sensors, including wearable electronics,
biomedical implants, and Internet-of-Things (IoT) devices, thereby reducing reliance on
traditional energy sources and mitigating environmental impact.

The development of PENG technology has been driven by advances in nanomaterials,
nanofabrication techniques, and interdisciplinary research at the intersection of materials
science, nanotechnology, and energy engineering. Over the past two decades, researchers
have made significant strides in optimizing the performance, efficiency, and scalability of
PENGs through the design of novel nanostructures, integration of hybrid energy harvesting
mechanisms, and exploration of new materials with enhanced piezoelectric properties. These
efforts have culminated in the realization of PENG devices capable of generating microwatts
to milliwatts of electrical power from mechanical motion, paving the way for practical
applications in various fields.
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3.2 Working Principle of the Piezoelectric Nanogenerator:

The piezoelectric nanogenerator (PENG) operates on the fundamental principle of the
piezoelectric effect, wherein certain materials generate electric charge in response to
mechanical stress or deformation. This effect is harnessed at the nanoscale to convert
mechanical energy into electrical energy, enabling the PENG to harvest power from various
mechanical sources such as vibrations, pressure, or movement.

PERFORMANCE ANALYSIS OF PIEZOELECTRIC
NANOGENARATOR

COMSOL MULTIPHYSICS

COMSOL Multiphysics is a software package which is widely used for modelling. This software
not only helps to define the geometry, meshing, defining physics but also helps to visualize the
end results. The mathematical structure in COMSOL Multiphysics is a system of partial
differential equations.

Using these applications modes, you can perform various types of analysis including:

+ Stationary and time-dependent analysis

* Linear and non-linear analysis

* Eigen frequency and modal analysis

When designing, COMSOL Multiphysics uses the proven Finite Element Method (FEM).

MEMS module is a part of the COMSOL Multiphysics software. This module helps in
designing any type of MEMS device and do further analysis.

4.1 COMSOL INTRODUCTION

Here we use COMSOL Multiphysics software.

Computer Simulation has become an essential part of science and engineering. Digital
analysis of components, in particular, is important when developing new products or
optimizing designs. Today a broad spectrum of options for simulation is available;
researchers use everything from basic programming language to various high-level packages
implementing advanced methods. Though each of these techniques has its own unique
attributes, they all share a common concern: Can you rely on the results? When considering
what makes software reliable, it's helpful to remember the goal: you want a model that
accurately depicts what happens in the real world.

A Computer Simulation environment is simply a translation of real-world physical laws into
their virtual form. How much simplification takes place in the translation process helps to
determine the accuracyof the resulting model. It would be ideal, then, to have a simulation
environment that includes the possibility to add any physical effect to your

model. That is what COMSOL, is all about. It’s a flexible platform that allows even novice
users to model all relevant physical aspects of their designs. Advanced users can go deeper
and use their knowledge to develop customized solutions, applicable to their unique
circumstances.

With this kind of all-inclusive modelling environment, COMSOL, gives you the confidence
to build the model you want with real-world precision. Certain characteristics of COMSOL,
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become apparent with use. Compatibility stands out among these. COMSOL

requires that every type of simulation included in the package has the ability to be combined
with any other.

OBSERVATION

The Comparison between the analytical modeling of the nanogenerator with tip mass and
with mid mass are derived. If the base is excited at a constant value of amplitude and the
effect due to the tip mass increase from 0.00058 to 0.00068, it will decrease the magnitude
of energy and frequency.

The generator with tip mass produces more output voltage and power as compared to mid-
mass conditions. With the increase in load resistance, the output voltage increases while the
energy harvesting gets decreases.

For the particular value of load resistance, and amplitude factor variation is taken into
considerations because it is used to validate energy harvesting with the maximum performance

parameters.
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Fig 4: Displacement Field in Nanobeam with Mid mass Configuration
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Fig 5: Displacement Field in Nanobeam with Tip mass Configuration

S.No Applied Displacement | Displacement
Pressure(Nm?) of Mid mass |of Tip mass
(um) (um)

1 0.00058 2.22¥%1014 8.04*10-14

2 0.00060 2.3*%10-1* $.32%10

3 0.00062 2.38*10-14 8.6*10-14

4 0.00064 245%10-4 8.87*1014

J 0.00066 2.53%*10-14 9.15*101¢

6 0.00068 2.61*104 9.43%10-14
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Tabulation of comparing Displacement of Mid mass and Tip mass at applying

pressure 63

S.No Frequency( | Voltage(V) |Mechanical Electrical Power
Hz) Power (mW) | Out (mW)
1 60 0.2 0.1
2 62 2.0 0.3 0.2
3 64 25 0.4 0.3
+ 66 3.0 0.5 0.4
5 68 4.0 0.7 0.6
6 70 53 1.0 1.0
7 72 4.5 0.9 0.8
8 74 3.5 0.7 0.6
5 76 2.5 0.5 0.4
10 78 2.0 0.3 0.2
11 80 1.5 0.2 0.1

Tabulation for the relationship between frequency (Hz) and three variables: voltage (V),
mechanical power in (mW), and electric power out (mW)
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The image is a frequency response graph displaying the relationship between frequency (Hz) and
three variables: voltage (V), mechanical power in (mW), and electric power out (mW).

Voltage (V): Represented by blue stars connected by lines, showing a peak at approximately 70 Hz
with a maximum voltage of around 5.5 V.

Mechanical Power In (mW): Represented by green circles connected by lines, peaking at
approximately 70 Hz with a maximum mechanical power of around 1 mW.

Electric Power Out (mW): Represented by red diamonds connected by lines, also peaking at
around 70 Hz with a maximum electric power of about 1 mW.

RESULT ANALYSIS

The results of the modeling and analysis of the piezoelectric nanogenerator (PENG) using PZT-5H
and aluminum are presented in two key graphs. These graphs illustrate the displacement response
under varying applied pressures and the frequency response of voltage and power.

Displacement Response Analysis:

The first graph depicts the displacement of the nanogenerator as a function of the applied pressure,
comparing two configurations: one with a mid-load and the other with a tip load. The displacement
is measured in micrometers (um) and plotted against the applied pressure in Newtons per square
meter (N/m?).
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Plot of Different Applied Pressures of mid load and tip load vs Displacement Obtained
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Displacement with Mid Load: The blue line represents the displacement when a mid-load is

applied. The data points indicate a linear relationship between applied pressure and displacement.
As the pressure increases from 0 to 0.0006 N/m?, the displacement increases steadily, reaching a
maximum displacement of approximately 2 x 10° um.

Displacement with Tip Load: The green line represents the displacement with a tip load. This
configuration exhibits a significantly higher displacement for the same applied pressure range.
The linear trend is maintained, but the maximum displacement reaches approximately 9 x 10° um
at the highest applied pressure.

The comparison clearly shows that the tip load configuration results in a higher displacement,
indicating a more effective mechanical response. This increased displacement is crucial for
enhancing the piezoelectric effect and, consequently, the electrical output of the nanogenerator.

Frequency Response Analysis:

Frequency Response: Voltage & power

—¥— voltage (V)
—&— mechanical power in (mw)

—&— electric power out (mw)

1 1 1 1 =

65 70 75 80
freq (Hz)

Plot of relationship between frequency(Hz) and threevariables: voltage (V), mechanicalpower
in (mW), and electric power out (mW).
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CONCLUSION

The development and analysis of a piezoelectric nanogenerator (PENG) utilizing PZT-5H and
aluminum have demonstrated significant potential for advancing the field of energy harvesting.
Through meticulous design, modeling, and experimental validation, this project has successfully
addressed several critical challenges associated with PENGs, paving the way for more efficient
and reliable devices.

The optimized design of the PENG, which strategically integrates layers of PZT-5H and aluminum,
has shown to effectively convert mechanical energy into electrical energy. The inclusion of a tip mass
further enhanced the device's performance by maximizing the piezoelectric effect. Comprehensive
material characterization and analysis have ensured that the selected materials not only complement
each other but also contribute to the overall efficiency and durability of the nanogenerator.

A key achievement of this project is the development of a robust theoretical model that accurately
predicts the performance of the nanogenerator. The use of finite element analysis (FEA) and other
simulation tools provided valuable insights into the mechanical and electrical interactions within
the device. This model has been validated through extensive experimental tests, which measured
key performance metrics such as voltage output, current output, power density, efficiency, and
sensitivity. The strong correlation between the theoretical predictions and experimental results
underscores the reliability of the model and its utility for future design optimizations.

The experimental characterization of the PENG has demonstrated its capability to generate
significant electrical output under various mechanical loading conditions. This performance,
coupled with the device's compact size and simplicity, highlights its potential for a wide range of
applications. The PENG's ability to provide a sustainable and maintenance-free power source
makes it particularly suitable for portable electronics, medical devices, and environmental
Sensors.

In conclusion, this project has made substantial contributions to the field of piezoelectric
nanogenerators by addressing key design and performance challenges. The successful integration
of PZT-5H and aluminum, the development of a wvalidated theoretical model, and the
comprehensive performance analysis collectively advance the understanding and practical
implementation of PENGs. Future research can build upon these findings to further optimize the
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design, enhance the efficiency, and expand the applications of piezoelectric
nanogenerators, ultimately contributing to the development of sustainable energy solutions.

FUTURE SCOPE

The future scope of piezoelectric nanogenerators presents a promising landscape for
advancements in energy harvesting technology. Continued research and development efforts are
anticipated to focus on enhancing the efficiency and performance of nanogenerators through
novel materials synthesis, advanced fabrication techniques, and improved device designs.
Integration of piezoelectric nanogenerators into flexible and wearable electronics could
revolutionize the field of self-powered devices, enabling seamless energy harvesting from
ambient mechanical vibrations. Moreover, exploration into scalable manufacturing processes and
sustainable materials will be vital for realizing the widespread commercial deployment of
piezoelectric nanogenerators. Furthermore, the integration of artificial intelligence and machine
learning algorithms for real-time optimization of energy harvesting processes could unlock new
opportunities for maximizing energy conversion efficiency. Overall, the future of piezoelectric
nanogenerators holds immense potential for powering next-generation electronics and addressing
energy sustainability challenges.
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