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ABSTRACT

The world has witnessed a blistering development of intelligent mechanical systems
such as autonomous vehicles, smart highways, and aircrafts and walls and this has
heightened the need to research on a sustainable and maintenance-free power supply.
A promising line of solution has been created, which is known as hybrid solar-
piezoelectric energy harvesting (HSPEH) systems where photovoltaic and vibration-
based transduction mechanisms are combined in order to enable continuous power
generation. This review will use an in-depth examination, design methods, material
innovations, power management loops and areas of application of HSPEH systems. It
looks at the interaction of solar irradiance and mechanical vibration to provide greater
reliability of energy, conversion ability, and the life span of the system. The focus is
put on modelling methods, structure optimization, and adaptability of energy
management based on MPPT algorithms and super capacitor storage. Recent
accomplishments in the fabrication of micro and Nano-scales, flexible materials, and
embedded electronics have been emphasised along with some of the fundamental
performance characteristics of the existing prototypes. Review summarises with
discussions to the existing challenges, like scalability, environmental sustainability, and
complexity of integration, and research potentials in the future to achieve energy-
autonomous mechanical and structural systems in line with green engineering
objectives.
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1. INTRODUCTION

The growing use of smart mechanical systems in the
field of transportation, aerospace, and structural
engineering has added pressure on the need to have
autonomous, long-lasting, and sustainable power
solutions. Conventional sources of power like batteries
and wired systems are limited based on their life
cycle, upkeep and green sustainability [16], [25].
Conversely, ambient energy sources like solar
radiation, vibration and thermal gradients have
become an attractive option as a source of energy to
drive the low-energy consuming electronic systems and
wireless  sensor  networks.  Photovoltaic  and
piezoelectric energy conversion processes are of
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special interest to various transduction mechanisms
since they complement each other: the photovoltaic
system offers high energy density when there is an
illumination, whereas piezoelectric systems extract
the energy of mechanical vibration when they are
under the loading of dynamic conditions [5], [10],
[11]. A combination of these two processes into one
hybrid system will allow generating a consistent power
output within an extended scope of environmental
parameters, which will allow the creation of self-
sustaining mechanical and structural infrastructures

(2], [3].

The solar piezoelectric energy harvesting systems are
effective systems that combine the benefits of both
solar and vibration-based conversion to achieve a
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consistent and stable power production. Not only does
the combination guarantee the continuity of
operations under varying degrees of light and
mechanical working conditions but it also improves the
overall conversion efficiency due to cooperative use of
energy [7], [13]. Experimental compositions have also
revealed that this type of hybrid systems can enhance
total energy generation by 2530 percent relative to
individual-source of harvesters, owing to the
complementary interaction of photovoltaic
piezoelectric subsystems [8], [19]. Moreover, recent
discoveries in  flexible materials, thin-film
semiconductors, and piezoelectric polymers have
made it possible to design lightweight and conforming
devices to be incorporated into non-planar or moving
devices, i.e., automotive surfaces, turbine blades, and
aircraft wings [6], [12], [14]. These systems encourage
the development of energy independent technologies
that can work constantly within various mechanical
settings.

This review article seeks to provide an introductory
perspective of theoretical basis, material
advancements and engineering applications of the
hybrid system of solar-piezoelectric energy harvesting.
It brings together advances made in the fields of
modeling, fabrication and power-management
methods, and more specifically, maximum-power-
point-trailing (MPPT) and supercapacitor-based storage
systems, which promote conversion stability and
efficiency [9], [15]. The argument is carried to the
real-life deployment scenarios in both industrial and
infrastructural applications, and the focus is put on
the real-life practicability and performance guidelines.
Additionally, the review draws to attention current
issues, such as impedance differences between
subsystems, degradation by temperature, structural
fatigue, that reduce long-term reliability [18], [23].
Lastly, the future way towards scalable, robust and
sustainable solution of hybrid energy provision in the
highly advanced smart mechanical structures involves
emerging trends like adaptive control, reconfigurable
electronics and Al-assisted optimization [1], [17], [26].

2. Fundamentals of Hybrid Energy Harvesting

2.1 Principles of Solar Energy Conversion

The collection of solar energy is premised on the
photovoltaic effect where the photons hitting a
semiconductor pn junction cause excitation of
electrons of the valence band to the conduction band
to form electron hole pairs, which create a
photocurrent during sunshine. Single-diode model
determines the nonlinear characteristics  of
photovoltaic (PV) devices as the model that regulates
their output characteristics in the form of current
voltage characteristics. PV technologies currently
under development like monocrystalline silicon,
amorphous silicon, and perovskite solar cells have far
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more advantages in efficiency, flexibility, and
enabling a free structure, particularly in curved or
mobile mechanical applications such as vehicles,
aircraft panels, and building facades.

Nonetheless, the environmental conditions like the
level of shading, dust deposition, and fluctuation in
temperature have a very powerful impact on PV
performance. Maximum-power-point-tracking (MPPT)
algorithms are necessary to control the voltage and
current dynamically as the solar environment varies in
order to keep the maximum performance. Perturb-
and-observe and incremental conductance are some of
the techniques that make good use of solar energy, so
that the power supply is always consistent and reliable
even in changing light conditions. Photovoltaic
conversion is thus the core of the hybrid harvesters as
they give constant energy when the light is available.

2.2 Principles of Piezoelectric Energy Conversion

Piezoelectric energy harvesting makes use of the
direct piezoelectric phenomenon, in which mechanical
stress is used to cause an electric displacement in
crystalline materials. The common materials are lead
zirconate titanate (PZT), barium titrante titanate
(BaTiO 3) and polyvinylidene fluoride (PVDF) each of
which is selected based on the intended combination
of piezoelectric  coefficient, flexibility, and
mechanical endurance. Examples in mechanical
systems are the vibrations and periodic stresses in the
environment which may be transformed to alternating
electrical signals using piezoelectric transducers.

Cantilever-based configurations have been adopted
most frequently due to the simplicity of construction
and high-energy to mass ratio. The cantilever beam
under the influence of dynamic excitation folds
generating strain on the piezoelectric layer and
resulting in the production of voltage proportional to
the deformation applied to them. The alternating
current is converted to the direct current and stored
in an energy storage device, either a capacitor or
supercapacitor to drive low energy devices.
Piezoelectric harvesters are small size, can be scaled
and can work in dark or closed places as compared to
solar harvesters, thus working well in hybrid systems.

Solar
irradiance
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Fig. 1. Conceptual schematic of a hybrid solar-piezoelectric
energy-conversion system
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2.3 Hybrid Mechanism and Synergy

The combination of the two transduction mechanisms
in a hybrid solar piezoelectric method is aimed at
producing continuous energy at varying environmental
conditions. In periods of high-illumination, the
photovoltaic subsystem supplies the largest share of
the total power, and during periods when the light is
weak or it is night-time, the piezoelectric subsystem
supplements the power it supplies by converting
vibrations in the ambience into electric power. This
interdependence leads to the increase in overall
energy payback, stability in power and longer working
life of the hybrid devices.

To combine the two sources of energy, a dual-input
power-management unit (PMU) is normally employed.
Voltage is optimized across the PV module by the
MPPT circuit and the AC output caused by vibration on
the piezoelectric transducer is rectified and added at
a common DC-link node. This accumulated energy gets
gathered in a supercapacitor or rechargeable battery
which supplies a constant DC output to the load or
sensor circuitry. The schematic diagram of this hybrid
design is presented in (Figure 1) to reflect the energy
flow of the sources of the solar and vibration energy
through the rectifier, MPPT controller, and storage
unit to the output that is regulated.

The interplay of energy use between the two
mechanisms is highly efficient as well as improving
system resilience to environmental changes. The
hybrid arrangement means that the smart mechanical
structures, aerospace components and distributed
sensor networks can be executed during long periods
in dynamic environments, encouraging the need to
regularly replace batteries.

3. Design and Structural Integration

The constructional strategy of hybrid solar-
piezoelectric harvesters depends on the necessity of
the energy interaction between light and mechanical
bodies and vibrations to be optimised and structurally
as well as operationally sound. Photovoltaic (PV)
layers in most designs are placed on flexible or semi-
rigid substrates which also have piezoelectric
transducers. This design will allow the device to
capture both the solar irradiance and vibration energy
thus guaranteeing uninterrupted energy production
even in dynamic changing environments. These
configurations are specifically applicable to clever
mechanical systems including vehicle panels, aircraft
wings and bridge structures where the mechanical
vibrations exist together with the occasional sunshine.
The combination of a right choice of materials,
geometry, and mechanical boundary conditions makes
the research high in conversion efficiency and duration
in cyclic loading.
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Finite-element modelling (FEM) is a very important
design analysis tool in the structural behaviour of the
structure and energy performance. Stress distribution,
modal frequencies, and deformation profiles among
other parameters can be optimized using FEM
simulations in order to optimize voltage generation
and energy density. Design operations such as length
of cantilever, thickness of piezoelectric layer and
substrate rigidity make a paramount decision on
resonant frequency and mechanical strain reaction.
Enhanced hybrid designs, including multilayer stacked
harvesters, fibre-reinforced composites have also been
suggested to enhance sensibility to vibrations and
structural stability. Such integrated designs can be
easily analysed using an equivalent circuit model to
describe their electrical characteristics as seen in
(Figure 2) with an interplay between photovoltaic and
piezoelectric modules along with the connexion points
using rectifiers, MPPT control, and energy storage
modules.

Power-management circuitry is also a very important
aspect in the provision of stable energy output by the
hybrid harvester. The sporadic contributions of the
solar and piezoelectric sources have to be rectified by
the mean of rectifiers, voltage regulators, and
adaptive maximum-power-point-tracking (MPPT)
regulators. Each of the subsystems may have separate
AC-DC conversion stages, followed by a common node
of DC-link in order to have the best energy flow and
impedance equivalence. Converter topologies e.g.
boost, buck or hybrid DC-DC are subject to choice
depending on the level of power demand and load
condition.  An  integrated  supercapacitor or
rechargeable battery will be provided to store the
excess energy and to mellow out the transient
distortions in the power supply so that a constant
power supply to the sensors that it links or an
embedded controller can be assured. The success of
the system as a whole relies on realising the
equilibrium of both mechanical design accuracy, the
efficiency of electronic control, and compatibility of
materials so that hybrid solar-piezoelectric energy
harvesters can replace non-renewable sources of
power with sustainable ones that can be used
inefficiently in other environmentally-conscious
frameworks.
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Fig. 2. Equivalent circuit model of a hybrid solar-
piezoelectric energy-conversion system

4. Material Innovations and Fabrication
Techniques

The choice of materials is central in defining the
effectiveness of conversion of energy as well as the
mechanical flexibility of hybrid solar-piezoelectric
systems. The ongoing improvement of material science
has made it possible to develop devices that have the
attributes of flexibility, density of power, and
environmental sustainability. By incorporating the
thin-film photovoltaic (PV) cell with flexible
piezoelectric polymers, it is possible to generate
lightweight and conformal organisations that can be
integrated on irregular or moving surfaces. Other
materials like amorphous silicon, perovskite and
organic photovoltaics have been extensively utilised
together with piezoelectric that is polymer based e.g.
polyvinylidene fluoride (PVDF) and polyvinylidene
fluoride polymers are also good choices as they offer
adequate piezoelectric response and exhibit high
mechanical flexibility. The synergy enables creation of
hybrid harvesters that can endure the mechanical
deformations and maintain the production of power
under variable environment.

The new material developments have been aimed at
enhancing the efficiency of electromechanical
coupling and also longevity of hybrid devices. More
modern materials like zinc oxide (ZnO) nanorodes,
barium titanate (BaTiO3) nanoparticles, and lead-free
piezoelectric ceramics (e.g. potassium sodium niobate
and bismuth ferrite) have shown more superior energy
conversion properties without at the same time posing
any environmental hazards. Nanostructured interfaces
between the photovoltaic and piezoelectric layers also
enhance transport of the charges as well as
mechanical, then reducing interfacial losses.
Moreover, the conductive nanofillers like graphene and
carbon nanotubes being added into polymer matrices
promotes dielectric permittivity and electrical
conductivity which improves the overall energy-
harvesting property of the hybrid device. The
significance of these advances is particularly in the
next generation flexible electronics, wearable sensors
and structural health-monitoring systems which need
robust and efficient hybrid energy sources.

Simultaneous advances in technology of fabrication
and integration have reshaped with regards to
scalability and precision of hybrid energy-harvesting
systems. The high accuracy of aligning and patterning
active layers in diverse substrates is now possible
through microfabrication, thin-film deposition, and
additive manufacturing (inkjet printing, sputtering and
electrospinning).  These  techniques aid the
development of miniature high-efficiency harvesters
that can be used in embedded systems and sensor
networks in the distributed form. Moreover, roll-to-roll
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processing and layer-by-layer printing also permit the
fabrication of hybrid devices in large areas with ease,
and structural integrity is no longer undermined. The
result of this type of fabrication development,
combined with developing new materials, is leading to
scalable, flexible and environmentally friendly hybrid
solar piezoelectric harvesters capable of supporting
the increased energy demands of intelligent
mechanical and electronic systems.

5. Applications in Smart Mechanical Structures

Hybrid solar piezoelectric energy-harvesting systems
have grown to become a major facilitator of self-
powered smart mechanical systems to meet the
increasing demands in the autonomous sensing,
monitoring and control of various engineering systems.
These hybrid harvesters are being built into vehicles
bodies, tyres, and engine bays in automotive systems
to harness the sun's energy, as well as mechanical
vibration, as the source of power to an embedded
electronics set. They have been applied in tyre-
pressure monitoring, accelerometers and wireless
telemetry nodes which do not require external
batteries. These hybrid systems will provide sensors
that will not go off during a car motion since their
systems use the vibrational energy, and when parked
under the sun, they will use solar energy to energise
the sensors again. In addition, they assist in lower
maintenance costs and vehicle smartness via real-time
diagnostics and predictive maintenance by data
collection through continuous data acquisition.

Cross-laminated modules are implemented in the
aerospace industry through the installation of the
hybrid solar-piezoelectric modules in aircraft wings,
fuselage panel and unmanned aerial vehicle (UAV)
structures. These modules take advantage of the fact
that mechanical vibrations and aerodynamic stresses
do not disappear when an aircraft is in the air to
produce power to be distributed to sensors and
telemetry systems. This is supplemented by the
photovoltaic component that collects the sunlight at
high altitudes and hence its continuous operation even
during the long duration missions. These hybrid
systems have been shown to be useful in powering
structural  health  monitoring  (SHM)  sensors,
temperature probes, wireless communication units
into aircraft to minimise the use of traditionally wired
systems. The integration principle of these
applications is represented in (Figure 3) that shows a
representative  hybrid harvester built into a
mechanical surface and also achieves the simultaneous
capture of both solar irradiance and vibration energy
to power smart sensor modules.

Hybrid energy harvesters are starting to be used in
monitoring infrastructure (to track a building or
bridge), and process automation in civil and industrial
engineering. These systems are used in smart bridges,
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tunnels and high-rise buildings to drive strain gauges,
displacement sensors and environmental monitoring
units to measure the real-time stress, vibration and
temperature. Hybrid harvesters are installed on
rotations, pipelines and machinery in an industrial
setting to utilise both mechanical vibrations and
ambient light to detect condition based maintenance
and anticipate faults. These systems can provide
constant maintenance free energy making them most
appropriate in remote or isolated installations. The
hybrid solar-piezoelectric harvesters are changing
traditional mechanical systems into intelligent, self-
sustaining infrastructure that complies with the ideas
of smart manufacturing, sustainable engineering, and
next-generation Industry 4.0 environments through
their scalability, adaptability, as well as reliability.

Embedded

Solar cell Sensor

Solar

irradiance Wireless

monitoring
unit

Mechanical
vibration
Fig. 3.Structural integration of a hybrid solar-piezoelectric
energy-harvesting module on a smart mechanical surface,
illustrating simultaneous collection of solar irradiance and
mechanical vibration to power embedded sensors and
wireless monitoring units.

6. Challenges and Research Gaps

Although some significant breakthroughs in hybrid
solar piezoelectric technology of energy-harvesting
have been achieved, there are still some significant
obstacles that hinder its practical and mass-scale
application. The first impediment is in the mechanical
and material field, in which case, hybrid modules are
frequently prone to fatigue failures and delamination’s
caused by the recurring mechanical strain and thermal
expansion differences between photovoltaic and
piezoelectric strata. In the long-run, these cyclic
stress-induced processes cause the degradation in
efficiency in energy conversion and structural
integrity. Moreover, the effect of electrical
impairment between the solar and piezoelectric sub-
systems also causes considerable power transfer
losses, thus requiring the design of adaptive
impedance-matching circuits and high-efficiency
rectifiers.

Another burning problem is environmental sensitivity.
Changes in temperature, humidity and air particulates
like dusts may change the behaviour of materials,
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decrease optical absorption, and deteriorate
piezoelectric behaviour, which will diminish the
overall energy yield. To resolve these effects, long to
last encapsulation materials and environmental
compensation algorithm in real time is necessary.
Compact and low-loss power management circuits,
incorporating maximum power point tracking (MPPT),
rectification and energy storage on the electronics
side are important to provide robustness of systems to
varying inputs.

System-level integration and scalability as well have
an ongoing research gap. To be adopted in large scale
into smart mechanical systems and loT systems, hybrid
harvesters need to be able to reach high energy
densities in miniaturised, lightweight and flexible
systems. Future studies should hence centre in better
materials that are of higher mechanical compliances,
self-healing interfaces and nanostructured surfaces
that will enhance better uptake of energy. Also, Al-
based adaptive control algorithms and edge-based
decision support can provide intelligent control of
power and allow their easy integration with
distributed loT sensor networks.

7. Future Perspectives

Integrating nanotechnology, artificial intelligence, and
the use of sophisticated technologies in manufacturing
processes is the key to the future of hybrid solar-
piezoelectric energy-harvesting systems. The novel
nanomaterials, including graphene, MXenes and
perovskite-based thin films, present new avenues of
possibilities to improve the photovoltaic conversion
efficiency and piezoelectric sensitivity, provide
mechanical flexibility, and environmental
sustainability. = Mechanisms  The  adoption  of
piezoelectric materials that do not include lead and
polymer substrates that are biodegradable fits the
increasing thirst to be able to make energy sources
eco-friendly and recyclable. Moreover, soft and
stretchable electronic platform will allow effortless
incorporation of hybrid harvesters onto irregular
mechanical parts, both aerospace and civil
infrastructure.

The artificial intelligence is going to transform the
management of systems and their optimization. Under
a non-uniform light-illumination environment like
during change of illumination, and vibration, Al-
supported maximum power point tracking (MPPT)
algorithms and adaptive impedance-matching circuits
have the ability to dynamically control the flow of
power between the photovoltaic and piezoelectric
subsystems. The models of predictive learning
integrated into the power-management circuits will
permit the real-time decision-making regarding the
application of the energy and fault detection, as well
as the optimization of efficiency. The same
intelligence can be even improved with the
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introduction of the hybrid harvesters into the digital
twin’s frameworks where it is possible to get the
virtual one-on-one replication and anticipatory care of
the mechanical intelligent systems to increase their
reliability and self-sustenance.

Nanomaterial-based
hybrid films

Flexible & Al-driven
conformal integration adaptive MPPT
Fully autonemous Energy-aware
mechanical systems loT connectivity

Fig. 4. Future Research Roadmap for Hybrid Solar-
Piezoelectric Energy Harvesting — a circular schematic
diagram illustrating the progression of key research
directions: nanomaterial-based hybrid films, flexible and
conformal integration, Al-driven adaptive MPPT, energy-
aware loT connectivity, and fully autonomous mechanical
systems.

Further studies should focus on standardised testing
methods, lifecycle performance analysis, and modular
integration schemes to be able to fit the Internet of
Things (loT) world to ensure scalability of the industry.
Applied innovations that could open the pathway to
hybrid harvesters include collaborative breakthroughs
in the additive manufacturing of products alongside
breakthroughs in the nanoscale material engineering
and Al-based energy analytics since they not only
would be efficient but would also adaptive and
sustainable to various environments. The future
development of these systems as shown in (Figure 4)
sees the shift to autonomous, intelligent, self-powered
infrastructures that re-invent the smart mechanical
design and energy autonomy paradigm.

CONCLUSION

The concept of hybrid solar-piezoelectric energy
harvesting is a groundbreaking one towards the
realisation of sustainable and maintenance-free power
supply to smart mechanical structures. These systems
will be synergistic combinations of photovoltaic and
vibration-based transduction processes to provide
continuing and steady energy sources to greater
variety of environmental factors and thus provide
continuous independent capability of sensors,
actuators and internal controllers. The recent
breakthrough in terms of material science including
the creation of flexible thin-film photovoltaic and
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lead-free piezoelectric materials combined with the
progress in power management, MPPT control, and
energy storage technologies has led to significant
improvements in conversion efficiency and structural
adjustability. The combination of micro fabrication
and additive manufacturing to create hybrid
harvesters has also increased the range of design
possibilities and scalability of hybrid harvesters,
enhancing their use in the automotive, aerospace,
civil, and industrial space. However, the way forward
is to overcome important limitations associated with
mechanical fatigue, environmental durability, and
system miniaturisation, and the implementation of Al-
powered adaptive energy management to optimise
dynamically in time. In general, hybrid solar--
piezoelectric energy-harvesting systems are an
essential milestone in the development of self-
sustaining and smart mechanical structures in line with
world sustainability and smart engineering aspirations.
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