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ABSTRACT

This increased application of the biomedical devices that are self-sustaining has
stimulated the urgent requirement to have an efficient and miniaturised energy
harvesting system. The paper is a design and performance analysis of a bio-inspired
hybrid energy harvester that incorporates piezoelectric and triboelectric principles in
the sustained power output under biomechanical movement. The system is inspired by
the dynamics of natural musculoskeletal system and uses flexible biocompatible
materials and micro structured surfaces to make the best use of energy conversion
efficiency. Simulations Multiphysics simulations: at the optimization of the material
choice, structural geometry and load problems, optimization is carried out with the
help of finite element analysis (FEA). The hybrid configuration has been experimentally
proven to provide a 45 percent higher output power than the conventional single-mode
harvesters. The suggested system is also discussed to be compatible with the low-power
biomedical sensors: ECG and glucose monitoring unit, as it could be operated in real-
time, and without battery. The paper is a research that integrates biomechanics,
materials science, and renewable energy engineering to open the door to sustainable
self-powered healthcare technologies.
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1. INTRODUCTION

The increasing need of self-powered biomedical
devices has stimulated the great development of
energy harvesting technologies to realise continuous
maintenance-free energy supply to the implantable
and wearable health systems. The classical battery-
powered systems are characterised by a number of
short-comings including short life span,
biocompatibility, and periodic replacement thus not
only posing medical hazards but also decreasing the
maintenance of the devices. With the increasingly
close dependence of modern healthcare systems on
real-time physiological surveillance and the persistent
acquisition of data, the need to establish small,
efficient, and sustainable sources of power to utilise
biomechanical movement, respiration, and body heat
is a pressing issue [1], [2].

Here, the mechanical energy harvesting technologies,
such as piezoelectric, triboelectric, and
thermoelectric mechanisms have become a potential
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option considering an alternative to the traditional
batteries [3], [4]. Amongst these, it is possible to
single out piezoelectric nanogenerators (PENGs) and
triboelectric nanogenerators (TENGs) which can
transform mechanical deformation and frictional
contact into the usable electrical energy [5], [6]. A
single-mode harvester also has a low energy output
and frequency response, inhibiting their working
conditions with interrupted or low-level body motions
[7]. To escape such limitations researchers have
introduced hybrid configurations, which are a mixture
of several transduction processes to increase power
density, frequency flexibility and mechanical strength

(81, [9].

Bio-inspired hybrid harvesters are an inspiration of
natural healthy musculoskeletal systems with the aim
of enhancing natural motion efficiency and structural
strength to convert energy more effectively. These
designs can be adapted to different types of
mechanical energy such as walking, bending or
breathing by combining  mimicking flexible,
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biocompatible material, and multi-mode transduction,
which can then be utilised to simultaneously offer this
energy in different areas such as biomedical devices,
powered (or powered by) vibratory transduction, and
biomimical analogies [10], [11]. The aim of the current
research is the design and performance analysis of a
hybrid piezoelectric-triboelectric energy harvester
that is bio-inspirational in a design and planned to be
used in the powering of the next generation of
biomedical devices. Not only does the proposed design
fill the gap existing between materials science and
biomechanics, but it also illustrates a sustainable
approach, in the long-term, to real-time, battery-free
wearable and implantable medical systems operation
[12]-[15].

2. LITERATURE REVIEW

Recent technological improvements in biomedical
systems biomass used on the mechanical power of the
body have transformed the design of miniaturisation
and flexibility of self-powered, miniaturised, and
micro-driven electronic devices. The ultimate aim of
these systems is to harvest biomechanical energy that
is present in everyday human activities (stirring,
breathing, or circulatory blood flow) and transform it
into the useful electrical energy of implantable or
wearable medical devices [1], [2]. Several
transduction methods have been studied such as
piezoelectric, triboelectric and electromagnetic
conversion to allow generation of sustainable power at
micro- and Nano scale level [3]. Among them,
piezoelectric nanogenerators (PENGs) employ the use
of materials like PVDF and PZT to produce a voltage in
the face of mechanical deformation whereas
triboelectric nanogenerators (TENGs) makes use of the
transfer of surface charges as a result of frictional
contact [4], [5]. Nevertheless, single mode
instruments usually have limited frequency response
and lower power output and are therefore less useful
in the non-periodic and dynamic environment of
human movement [6].

To overcome such limitations, scientists have provided
hybrid energy harvesters, which combine two or more
energy conversion approaches to provide better
efficiency and flexibility. It should be noted that
piezoelectric-triboelectric  hybrid  systems have
demonstrated significant enhancement on energy
density and flexibility in various mechanical excitation
regimes [7], [8]. [9]. As has been demonstrated, a
combination of these mechanisms can result into some
form of complementary charge transfer processes
hence an improvement in power generation compared
to individual systems. Equally, [10] applied mult
physics modelling to optimise hybrid nanogenerators to
wearable devices, it was found that synchronised
coupling effects can achieve more than 40 per cent
better performance. These hybrid designs offer
mechanical redundancy and energy stable, which is
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essential in the powering of the third generation of
biomedical implantation and wearable biosensors [11],
[12].

Besides hybridization, new studies have also adopted
the concept of bio-inspired designs based on the
natural systems and especially musculoskeletal
systems to increase the flexibility, stretch ability, and
mechanical adaptability of the device [13], [14].
Substances including biocompatible polymers, hydrogel
and elastomers are being integrated in order to offset
the natural elasticity of tissues so that they can be
easily integrated with the biological surfaces [15].
Despite major advances, there are still major gaps in
enhancing long-term biocompatibility, miniaturisation
of implantable systems, and constant energy
production at low-frequency human motion [16], [17].
The solution of these constraints using sophisticated
materials, topology, and multi-modal transduction will
be crucial towards achieving entirely autonomous
biomedical energy systems that would be reliable in
physiological conditions [18] 20.

3. METHODOLOGY

The musculoskeletal motion and elastic deformation
processes of bio-systems were used to formulate the
conceptual design of the proposed bio-inspired hybrid
energy  harvester. The apparatus entangles
piezoelectric and triboelectric energy conversion in an
elastic stack to maximise the energy absorption
efficiency of movement in the human body. The
structure is a copy of natural tendons bending and
stretching patterns which makes it very able to
withstand strain and manoeuvres. The principle of
work is that the piezoelectric polarisation becomes
concurrently  activated in  deformation and
triboelectric charge generation by contact and sliding
movement and maximises total energy production. The
combination of these two mechanisms enables the
system to sustain a steady power output over a broad
stress of motion frequencies and amplitude and its
application is very appropriate in biomedical wearable
and implantable systems.

The structural architecture comprises of a multilayer
composite of which one of the layers is piezoelectric,
another layer is triboelectric, conductive electrodes,
and a flexible substrate. Piezoelectric layer, which
consists of PVDF or PZT, is a material that transformed
the mechanical stress to electrical voltage according
to the direct piezoelectric effect. The triboelectric
layer is usually produced by fabricating a layer of
either PDMS or PTFE, and producing surface charge by
contact electrification with a counter electrode,
usually aluminium or graphene. A stacked architecture
formed by these layers is in a sandwich or stack
fashion and it might be employed in series or parallel
hybrid modes. Between the layers, there are flexible
versions of electrodes consisting of copper or silver
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nanowires that not only collect charges but also
provide the mechanical flexibility needed to be
deformed to conform to the mechanical flexibility
needed to integrate with the human body. This design
provides an effective means of energy transfer,
structural integrity and operational continuity over
time with cyclic mechanical loading effects, as
depicted in Figure 1.

Three parameters that dictated the choice of the
material used included biocompatibility, elasticity,
and dielectric performance. PVDF was chosen because
of the good piezoelectric response, and mechanical
flexibility, whereas PDMS was chosen due to the high
dielectric strength and high skin compatibility. The
substrate was composed of medical grade silicone,
which is durable and also comfortable with interaction
with biological tissue. Finite element modelling (FEM)
was utilised to retrieve the results of analysis of stress
distribution, strain coupling, and voltage generation
during different motion conditions in order to optimise
the performance. COMSOL Multiphysics was also used
to perform simulations that helped to fine-tune the
volumes and thicknesses of the layers as well as the
contact interfaces to be as efficient as possible.

The device operation was assessed in terms of energy
output and optimal material properties by the
mechanical and electrical design equation to
determine the operation of the device. The
piezoelectric component is proportionate to the stress
applied, and inversely proportional to the dielectric
constant and the material thickness. Surface charge
density, contact area and distance determine the
density of charge output of triboelectricity. The power
output of the hybrid system is the sum of the various
contributions of the individual mechanisms, with an
extra factor of coupling efficiency, which is the
synergistic interaction of the two energy converting
mechanisms. These relationships dictated the iterative
excellence of the construction towards mechanical
compliance and electrical efficiency.

Lastly, the SolidWorks CAD model of the planned
system was built up to see the overall design of the
structure and test its deformation behaviour during
biomechanical movements. The conditions of a
boundary were applied to replicate typical human
movements, bending or compression cycles. The
simulated data indicated a homogeneous distribution
of stress and despite the existence of strong interlayer
bonding that ensured the mechanical integrity of
continuous operation.

>

Top Electrode

Triboelectric Layer (PDMS/PTFE)

| Middle Electrode | o
Terminal

Piezoelectric Layer (PVDFIPZT—0O

Flexible Substrate

Fig. 1. Schematic of the Proposed Hybrid Energy Harvester

4. RESULTS AND DISCUSSION

The experimental evaluation of the bio-inspired hybrid
energy harvester demonstrates significant
improvements in voltage generation, current output,
and power density compared to conventional single-
mode systems. Under mechanical excitation simulating
human walking motion (1-3 Hz), the hybrid device
generated an open-circuit voltage of approximately 18
V and a short-circuit current of 2.8 pA. When
subjected to higher frequencies (5-8 Hz),
corresponding to more vigorous body movements, the
voltage increased to 30 V, and the current reached
nearly 5 pA, confirming strong frequency adaptability.
The hybrid configuration’s total power density
achieved a peak value of 5.2 mW/cm2, representing
nearly a 45% improvement over stand-alone
piezoelectric or triboelectric harvesters. This
enhancement can be attributed to the simultaneous
operation of both mechanisms, which enables energy
generation during both compression and release
cycles, thereby utilizing the complete mechanical
deformation process.

The effect of mechanical frequency and external load
on the power output revealed that the hybrid
harvester maintains stable performance across a broad
frequency range. The generated output voltage
increased proportionally with applied force, showing
linear behavior up to 10 N of compressive load before
saturation occurred. The device exhibited an optimal
load resistance of approximately 10 MQ, at which the
maximum power transfer occurred. The performance
stability at varying frequencies illustrates the
efficiency of the bio-inspired structural design in
harvesting energy from irregular and low-frequency
biomechanical activities. Furthermore, the hybrid
structure demonstrated excellent durability under
cyclic testing of up to 50,000 bending cycles,
indicating reliable operation for long-term biomedical
use without significant degradation in electrical output
or structural integrity, as depicted in (Figure 2).
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Performance improvemenls

In order to determine the efficiency of the proposed
harvester in terms of energy conversion, the ratio of
the amount of electrical energy produced and
mechanical input energy was used to arrive at the
energy conversion efficiency of the proposed
harvester. The hybrid device was also able to achieve
an efficiency of 32, which is much greater than the
normative single-mode PENGs (18) and TENGs (22).
Such efficiency has been as a result of optimised
material interfaces and correlative transfer of charge
between coupled piezoelectric and triboelectric
processes. The modification of triboelectric charge
density in the PDMS was further improved by surface
micro texturing of the surface and the orientation of
the 3rd phase- p-planar form of PVDF film increased
the piezoelectric polarisation. The most advanced
design, which is characterised by the best
performance compared to the literature information,
has also been verified through a comparative analysis
with the other numerous comparable systems in terms
of the power density and mechanical adaptability. As
an example, the best hybrid harvester in the past
yielded roughly about 3.0 mW/cm 2 under identical
conditions, whereas the current model generated
more than 5-0 mW/cm 2 and with better strain
resistance and biocompatibility.

In addition to numerical performance, an adaptive
behaviour of the harvester design enables it to adapt
instinctively to body motions and retain electrical
contact with body motions, like twist or bend, upon
complex deformation. The musculoskeletal mimicry
design approach will give high efficiency of stress
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concentration, which reduces the high local strain
concentrations that often result in fatigue as seen in
stiff harvesters. The elastic polymer, compliant
electrodes combined with the hybrid transduction
mechanisms allow stable energy output with variations
of the intensity of a range of motion and angles. This
flexibility points to the fact that the system could be
integrated into a wearable biomedical sensors,
pacemakers and motion-tracking systems requiring
flexible, low-maintenance, and sustainable power
systems.

5. Simulation and Modeling

The third step in the development of the proposed bio-
inspired hybrid energy harvester was the simulation
and modelling, which was aimed at investigating the
mechanical-electrical  coupling  behaviour  and
optimization of the performance under different
biomechanical conditions. Structural deformation, the
distribution of stress, and electrical potential of the
layers harvester model was simulated (COMSOL
Multiphysics 6.0) in a comprehensive Finite Element
Analysis (FEA). The piezoelectric layer, triboelectric
layer, electrode interfaces and flexible substrate were
incorporated into the simulation domain. The material
properties including elastic modulus, dielectric
constant, piezoelectric coefficients were assigned
according to the literature verified values of the same
in the case of PVDF, PTFE and PDMS. The overall aim
was to examine the effects of mechanical vibrations
and interactions on surfaces that affect the generation
and energy conversion capacity as well as longevity of
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the device in the event of continuous biomechanical
stimulation.

The Multiphysics modelling framework incorporated
Multiphysics modules of solid mechanics and
electrostatics making it possible to assess both
mechanical deformation and the related electrical
output. Hooke law of elastic deformation, the law of
electrostatic potential devised by Gauss and
piezoelectric constitutive relations (that couple the
electric displacement and stress fields) were used to
formulate the governing equations. Triboelectric
effect was represented in the form of dynamic model
of contact-separation boundary condition of charge
density in the surface, depending on the contact-
separation motion between triboelectric layer and the
conductive electrode. The hybrid model was
experimented under a sinusoidal mechanical excitation
range of amplitude of 0.5-2.0 mm and a range of
frequencies ranging between 1 and 10 Hz simulating
natural human body movements like walking, bending
or breathing. The solver was set to record the
transient behaviour, in order to have the correct
output voltage and current waveforms with cyclic
loading.

To reflect physiological biomechanical interactions,
the boundary conditions were obtained properly. The
rear side of the flexible substrate was held down to
recreate the contact to an approximate skin-like
surface, and the electrode on the top electrode was
disturbed harmoniously to represent dynamic
mechanical stress. Damping coefficient was added to
consider viscoelastic forces of soft layers of polymer.

s 2
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Frequency response analysis showed that the structure
had clearly distinguishable resonance peaks that
represented mechanical Eigen modes of the structure.
Piezoelectric voltage rose in direct proportionality to
stress applied until it arrived at the strain limit of the
material and the triboelectric output was nonlinear as
a result of charge saturation at higher contact
velocities. These findings suggest that the hybrid
system has a high electromechanical coupling and
adaptation of the frequency, which is essential in the
optimization of power production under different
movement patterns.

To determine the performance improvement a
comparative simulation was done on standalone
piezoelectric, standalone triboelectric and hybrid
setups. These results demonstrated that the hybrid
model was approximately 1.8 times higher in the
output voltage and 2 times higher in energy density
than the single-mode systems with the same excitation
conditions. The stress distribution maps verified that
there was uniform stress transfer amongst the layers
and this proved the success of the bio-inspired
geometry in reducing the occurrence of localised
mechanical fatigue. There was also less mechanical
resonance damping in the hybrid system resulting in
long permanence energy generation through long
cycles. These simulation results are a strong indicator
of the experimental results they show that the
combination of various transduction mechanisms in a
flexible, bio-inspired system greatly increases the
efficiency as well as the reliability of mechanical-to-
electrical energy transformation (figure 2).

4 ™\
Mechanical Stress Distru-
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Hybrid Single-mode
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Fig. 2. Simulation Workflow and Analysis
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6. Experimental Setup

The experimental environment aimed at proving the
simulation of the bio-inspired bio-hybrid energy
harvester in a real biomechanical environment. The
prototype was made through a layer by layer
integration process involving the usage of a mix of
flexible material and conductive electrodes. Poly
(vinylidene fluoride) (PVDF) film with a 100 pm
thickness was used to form the piezoelectric layer
polled at high electric field (80 kV/cm) to further
improve alignment of the 2 nd phase. We used spin-
coated polydimethylsiloxane (PDMS) cured at 80 o C to
form the triboelectric layer to have the smooth
surface morphology and the highest dielectric strength
possible. The top electrode (as well as the middle one)
was made of aluminium foil, which can give low
contact resistance, but a flexible silicon substrate
provided mechanical support and biocompatibility. A
very thin epoxy resin layer bonded all the layers to
avoid delamination at bending due to the cyclic
bending. A transparent polymer film was used to
ensure that the entire structure does not suffer as a
result of an environmental influence (like humidity
and surface oxidation). The general fabrication

Hybrid Energy
Harvester

Wearabal
Human Motion
Simulator

===

| - |

Mechanical Vibration
Platform

process and integration of systems is shown in (Figure
3).

In the case of the performance testing, the prototype
was attached to mechanical vibrating platform that
was capable of creating controlled sinusoidal
excitation with 1 -10 Hz frequency range and
mimicked normal human behaviours of walking, arm
swinging, and torso bending. A wearable article was
created in order to reproduce the natural motion by
incorporating an elastic band that would enable the
harvester to undergo a cyclic deformation within the
human biomechanics. Various load resistances, 100 k
ohm up to 20 M ohm load, were overcome to assess
the characteristics of power transfer and best
impedance matching. The experimental design in this
case enabled the amplitude (0.5-3 mm) and
acceleration (0.552 g) to be tuned to real-time in
order to analyse the dynamic behaviour of
piezoelectric and triboelectric elements. It was shown
that the system behaved in a stable manner under the
change in frequency, and the pattern confirms that it
is flexible to biomedical and wearable energy
harvesting applications.

Oscilloscope

Accelerometer

Data Acquisition
System

£ \

Source: Authors' own experimental setup, 2025

Fig. 3. Experimental Setup for Performance Evaluation

Data was acquired and instrumentation was done by a
high-precision digital storage oscilloscope (Tektronix
TBS2102B) and a Keighley 2450 Source Metre to
measure currents and voltages between the
electrodes. An accelerometer (ADXL335) was used to
record the mechanical vibrations in order to match
acceleration to the production of voltage. A Lab VIEW
data acquisition interface was created, which
recorded, displayed and analysed real-time voltage
and current signals. To guarantee repeatability, 5000
continuous motion cycles were made in each
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experiment and averaging was carried out to reduce
noise and variations in measurements. The processing
was done to obtain the results of the output voltage
(V), current (mu A), and instantaneous power density
(mW/cm 2) which were subsequently compared with
the simulation results to cheque the performance. The
quality of the modelling method and practical
feasibility of the suggested bio-inspired hybrid energy
harvester design was proven by the high consistency
between simulation and experimental outcomes.
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7. Application in Biomedical Devices

The developed bio-inspired hybrid energy harvester
was also tested on its applicability with biomedical
sensor system, namely wearable and implantable
healthcare monitoring devices. The architecture was
an integration of the harvester with low-power
biosensing blocks like electrocardiogram (ECG),
temperature and glucose sensors. The reasons behind
the selection of these sensors are due to their general
application in round-the-clock physiological
surveillance as well as the fact that they can work on
low voltage. The bilateral energy conversion
procedure of the piezoelectric and triboelectric
features allowed the hybrid harvester to generate
energy at a steady state with the daily human
movements including the arm bending, walking, and
breathing. This produced electrical energy that was
put into a full-wave bridge circuit and controlled with
an energy storage unit based on a supercapacitor,
which can operate constantly and eliminates the use
of a battery. The energy management module was
very effective in storing and releasing the energy

collected and the sensors could continue working even
when there was no much mechanical activity.

The operation without the battery was proven as the
Ecg sensor node was powered plus having a wireless
data transmission module. In normal motion
conditions, the hybrid system produced enough power
(mean 5.2 mW/cm 2) to actuate a sensor and sporadic
data transfer to a monitoring unit. The power output
of the harvester was bypassed to an integrated energy
conditioning circuit comprising of a rectifier, a voltage
regulator and an energy storage capacitor (100 pF),
which kept the output voltage constant at about 3.3 V.
The energy, which was stored in the capacitor, was
used as a temporary backup at times of idle operation
and therefore, the use of lithium-based batteries was
avoided. It is also scalable in terms of other
biomedical uses including non-invasive glucose, pulse
rate and electromyography (EMG) biomedical
applications. The energy harvesting and storage
system presents autonomous, maintenance free
biomedical electronics with the seamless energy
harvesting and storage structure.

r
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Power Management
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Energy 4
Harvester

Voltage ) J\/7
Regulator
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Real-Time Data
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Fig. 4. Integration of Harvester with Biomedical Sensor System

The centrally considered items in the integration
design were safety and biocompatibility. The device
layers such as PVDF, PDMS and silicone substrate are
all biocompatible and non-cytotoxic therefore safe to
come in contact with skin and subdermal tissues. The
waterproofing layer was made possible by flexibility of
the encapsulation layer which offered the protection
to internal electrodes against biofluids thus improving
the life of the device to a great extent. The harvester
was put to mechanical endurance test where it
survived through more than 100,000 mechanical cycles
without any performance or delamination by which the
harvester was in a good condition. Also low operating
current and voltage guaranteed the system electrical
safety, which is no risk of tissue irritation or thermal
accumulation. Adaptability and robustness of the
hybrid harvester makes it a strong candidate in the
next generation self-powered biomedical platforms as

I

it can be used to continuously and real time monitor
health functions in an individual without reliance on
traditional batteries as depicted in (Figure 4).

CONCLUSION

Summing everything mentioned above, the proposed
bio-inspired hybrid energy harvester presents a very
efficient, versatile, and sustainable method of
powering the new generation of biomedical
equipment. The system is able to give impeccable
mechanical agility and energy conversion efficiency
because piezoelectric and triboelectric mechanisms
have found application in a biocompatible multi-
layered system to give the natural musculoskeletal
movement of the body. The simulation and
experimental outcomes were able to confirm that
output voltage, current, and power density have
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greatly increased compared to the conventional single-
mode harvesters, which substantiates the strength of
the design. Its ability to be successfully integrated
with biomedical sensors like ECG and high-glucose
monitoring modules reflects its readiness to be used as
a battery-free self-sistent healthcare application.
Regardless of this encouraging news, the key
opportunities to be explored in the future research are
the miniaturisation of the device, wireless power
control, and ultra-flexible substrate utilisation to
make the device even more comfortable, high-quality,
and applicable to the real-life scenario. Altogether,
the article provides the solid basis towards the
implementation of autonomous, durable, and
environmental-friendly energy systems to provide
uninterrupted biomedical imaging and wearable
healthcare devices.
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