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Abstract: This research aims to optimize piezoelectric implants for orthopedic applications, enhancing
energy harvesting efficiency and mechanical integrity. Our objectives include comparing piezoelectric
materials (PZT, PVDEF, and BaTiO3) and employing advanced theoretical modeling, finite element
analysis (FEA), and validation to identify optimal configurations. Methodologically, this study
integrates machine learning and Al-driven techniques to refine design parameters and predict
performance outcomes. Significant findings have revealed that PZT demonstrated the highest
sensitivity (2 V/mm), achieving a maximum power output of 4.10 Watts, surpassing traditional
solutions by over 100%. The optimization process ensured uniform stress distribution, reducing
mechanical failure risk, with predictive models showing high accuracy (R-squared value of 97.77%).
Error analysis indicated minimal discrepancies, with an average error margin of less than 2%. The
conclusions highlight the significant potential of optimized piezoelectric implants in developing
durable, efficient, and patient-friendly orthopedic solutions, setting a new standard in intelligent
medical device innovation and contributing to enhanced patient care and improved clinical outcomes.

Keywords: piezoelectric implants; energy harvesting; orthopedic applications; finite element analysis;
mechanical integrity; smart medical devices

1. Introduction

Kinetic energy harvesting devices (KEHDs) are emerging as a transformative approach
in medical implants, particularly orthopedic implants [1,2]. These devices are designed to
capture the energy generated by bodily movements and convert it into electrical power,
which holds immense potential for sustainably powering implantable medical devices [3-5].
This innovative approach could significantly reduce or eliminate the need for external
power sources such as batteries, which often necessitate surgical replacement and pose
various limitations. Integrating KEHDs into orthopedic implants is especially promising
given the constant mechanical motion associated with joints such as hips and knees [6-8].

Orthopedic implants play a crucial role in restoring mobility and enhancing quality
of life for patients suffering from severe joint damage due to conditions like osteoarthritis
or trauma. Advances in material science and biomechanical engineering have paved the
way for the development of intelligent implants capable of actively participating in patient
health monitoring and post-operative care [9,10]. These innovative implants can provide
valuable data on load distributions, prosthesis alignment, and joint health, facilitating
personalized medicine approaches and timely medical interventions. This capability can
extend the implant lifespan and significantly improve clinical outcomes [11-13].

Despite these advantages, integrating intelligent technologies into implants has signif-
icant challenges, primarily related to power supply. KEHDs offer a compelling alternative
by harnessing the energy from joint movements to generate power [14-16]. The principle
behind this is straightforward: piezoelectric materials or other transduction mechanisms
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within the implant convert kinetic energy into electrical energy. This harvested energy
can power embedded sensors and transmitters, enabling continuous monitoring without
external power sources [17-19].

However, the application of KEHDs in orthopedic implants is not without its chal-
lenges. One of the primary concerns is the device’s ability to generate sufficient power
without compromising the implant’s structural integrity or biomechanical compatibil-
ity [20-22]. The energy yield must align with the low-power requirements of the implant’s
electronic components while fitting within the strict size constraints of the implant design.
Current market options for energy harvesting in implants are limited and generally not
optimized for the unique environment of the human body [23-25]. Additionally, the vari-
ability in patient activity levels and the mechanical properties of the surrounding biological
tissues add complexity to the design and functionality of KEHDs in this context [26-28].

Technological advancements in KEHDs have the potential to significantly enhance the
sustainability and efficacy of orthopedic implants, directly impacting patient outcomes and
healthcare systems [29-31]. By enabling implants to self-power through the conversion
of kinetic energy from natural body movements into electrical energy, KEHDs reduce
the dependency on costly battery replacements, which require additional surgeries and
pose risks for infection and other complications [32-34]. This self-sufficiency extends the
functional lifespans of implants and supports continuous health monitoring, which can
lead to timely medical interventions and personalized patient care [35-37].

According to estimates by the World Health Organization, by 2050, over 130 million
individuals globally will suffer from osteoarthritis, with 40 million severely disabled by
the condition [38—40]. The demand for joint replacement surgeries, such as total hip and
knee replacements, is projected to grow exponentially, reflecting the urgent need for more
durable, efficient, and sustainable orthopedic solutions like those provided by KEHD-
integrated implants [41,42].

This study aims to bridge the gap in current research by optimizing KEHDs specifically
designed for integration into orthopedic implants [43—45]. Our research explores novel de-
sign strategies that enhance the power generation capacity of these devices while maintain-
ing or even improving the implants’ mechanical safety limits and fatigue resistance [46-48].
By leveraging advanced finite element modeling techniques and experimental validation,
we seek to develop a KEHD that meets and exceeds the power requirements for smart
implant functions such as real-time monitoring and data transmission.

In conclusion, integrating KEHDs into orthopedic implants represents a significant ad-
vancement in medical technology, offering numerous clinical benefits that could transform
patient care in orthopedics. This study’s findings are expected to provide a foundation
for developing more sustainable and efficient orthopedic solutions, ultimately enhancing
patient outcomes and reducing healthcare costs.

The primary objective of this research is to optimize piezoelectric implants for orthope-
dic applications to enhance their energy harvesting efficiency and mechanical performance.
By integrating advanced theoretical modeling, finite element analysis (FEA), and experi-
mental validation, this study aims to identify optimal configurations and materials that
maximize power output while ensuring structural integrity. The research focuses on
comparing the performances of piezoelectric materials, such as PZT, PVDF, and BaTiO3,
and employing machine learning and Al-driven techniques to refine design parameters.
Ultimately, the goal is to develop durable, efficient, and reliable implants that can sup-
port embedded sensors and telemetry systems, reducing the need for frequent battery
replacements and improving patient outcomes.

2. Materials and Methods
2.1. Experimental Setup and Materials

The experimental setup for this study was designed to test the efficacy and reliability
of kinetic energy harvesting devices (KEHDs) integrated into orthopedic implants. The
main components of the setup included custom-fabricated orthopedic implants embedded
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with piezoelectric elements, a mechanical loading machine to simulate joint movements,
and an array of sensors and data acquisition systems to measure electrical outputs and
mechanical behaviors under various loading conditions [49,50].

The materials used for the orthopedic implants were medical-grade titanium alloys,
known for their strength, biocompatibility, and corrosion resistance. The piezoelectric
elements were composed of lead zirconate titanate (PZT). This ceramic material exhibits
significant piezoelectric effects and is commonly used in medical applications due to
its excellent electromechanical properties. These piezoelectric elements were explicitly
designed as thin, flexible layers that could be integrated into the curved surfaces of the
implants without affecting the implants” structural integrity.

2.2. Integration of Piezoelectric Elements

Integrating piezoelectric elements into orthopedic implants was one of the novel
aspects of this study. The experimental setup for this study was meticulously designed
to evaluate the efficacy and reliability of kinetic energy harvesting devices (KEHDs) in-
tegrated into orthopedic implants [24,31]. The main components of the setup included
custom-fabricated orthopedic implants embedded with piezoelectric elements, a mechan-
ical loading machine to simulate joint movements and an array of sensors and data ac-
quisition systems to measure electrical outputs and mechanical behavior under various
loading conditions.

The implants were constructed from medical-grade titanium alloys chosen for their
strength, biocompatibility, and corrosion resistance. The piezoelectric elements embedded
within the implants formed lead zirconate titanate (PZT), a ceramic material known for
its significant piezoelectric properties and widespread use in medical applications. These
piezoelectric elements were designed as thin, flexible layers that could be integrated into
the curved surfaces of the implants without compromising structural integrity [51,52]. The
mechanical loading machine applied cyclic loads to the implants, replicating the forces
experienced during walking or running. Sensors were strategically placed to capture data
on mechanical stress and strain, while the electrical output generated by the piezoelectric
elements was recorded in real time. This setup allowed for a comprehensive analysis of the
implants’ performances under realistic physiological conditions, providing critical insights
into optimizing KEHDs for orthopedic applications. Figure 1 illustrates the optimized
geometry of a total hip implant integrated with piezoelectric components for energy
harvesting. The high- and mid-stress areas are color-coded, indicating regions where the
implant experiences varying stress levels. The monitoring system with piezo materials
converted mechanical displacement and vibrations into electrical energy via a quartz crystal,
powering embedded sensors. This innovative approach ensured continuous monitoring
without external power sources, reducing the need for battery replacements and enhancing
implant longevity. Integrating FEA and energy generation highlighted the implant’s
optimized design, showcasing its novelty and significant impact on orthopedic technology.

Figure 2 illustrates the progression from the initial design to the optimized hip implant
design integrated with piezoelectric elements. Figure 2a shows the initial design of the
hip implant, highlighting the original structural configuration without any optimization.
Figure 2b depicts the optimized design where piezoelectric components are strategically
placed to enhance stress distribution. This configuration shows a network arrangement in-
dicating piezoelectric elements’ placement to maximize energy harvesting and mechanical
performance. Figure 2c presents 3D renderings of the hip implant design, vividly display-
ing the stress distribution across the implant. Using colour gradients effectively illustrates
areas of high (red) and low (blue) stress, demonstrating the impact of the optimized design.
Figure 2d further emphasizes the stress effects and contour curves, showing the improved
stress management resulting from the optimization process. Figure 2 highlights the novel
approach of integrating piezoelectric materials into the implant design to harvest biome-
chanical energy while ensuring uniform stress distribution. The initial-to-optimized design
transition significantly improves mechanical and energy harvesting performance. This
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innovative design reduces the risk of mechanical failure and enhances the durability and
functionality of the implant, underscoring the impact of research on advancing orthopaedic
implant technology.
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Figure 1. The stress distribution in optimized design and femoral bone segment with a modified hip
implanted with components of the KEHD, a cylindrical piezoelectric element, and an electrical circuit
reading generated.

(a) (b) (©) (d)

Figure 2. (a) Initial design. (b) Optimized design with better placement of piezoelectric effect for
stress distribution. (c) Three-dimensional renderings of hip implant designs. (d) Stress effect and
contour curve.

Table 1 provides a clear overview of the material properties of PZT relevant to its use in
piezoelectric applications within FEM analysis. Table 1 provides the fundamental material
properties of lead zirconate titanate (PZT), a commonly used piezoelectric material in finite
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element modeling (FEM). The Elastic Modulus indicates the material’s stiffness, while
Poisson’s Ratio reflects its deformation characteristics under stress. Density is crucial for
mass-related calculations. The Piezoelectric Constants d3; and d3; measure the material’s
ability to convert mechanical energy into electrical energy. Relative Permittivity and Dielec-
tric Loss Factor determine the material’s electrical response. The coupling coefficient shows
energy conversion efficiency, while the Mechanical Quality Factor and Curie Temperature
indicate the material’s performance and thermal stability. These properties are essential for
optimizing PZT’s use in energy harvesting and mechanical applications [53].

Table 1. Summarizes the material properties of lead zirconate titanate (PZT) used in finite element
modeling (FEM) [53].

Property Symbol Typical Value Units
Elastic Modulus (Young’s Modulus) Ess 63-120 GPa
Poisson’s Ratio v 0.31-0.34 -
Density 0 7.5-8.0 g/cm3
Piezoelectric Constant dsz dss 300-600 pC/N
Piezoelectric Constant dsz; ds; —120 to —190 pC/N
Relative Permittivity (at constant stress) €r 1700-2000 -
Dielectric Loss Factor - 0.002-0.02 -
Coupling Coefficient ka3 0.65-0.75 -
Mechanical Quality Factor Om 70-100 -
Curie Temperature - 250-350 °C

Table 2 presents data from a series of experiments designed to optimize the energy
harvesting capabilities of piezoelectric elements within a composite structure. Table 2
records parameters such as displacement, radiated power, phase response, electric field,
potential energy, piezoelectric impedance, and generated voltage. These parameters are
essential for understanding the efficiency and performance of the kinetic energy harvesting
device (KEHD) under different mechanical stress conditions, which are simulated by
displacement values.

Table 2. Design points of experiments on the central composite structures of the different energy
elements generated in the optimization process.

Displacement (um) Radiated Phase Electric Field Potential Piezo Voltage (V)
P H Power (W) Response (um)  (Vum~—1) Energy (J) Impedance () &

—1000 1.82 436.12 2907.34 2.10 7.36 1.18

—1500 4.10 654.29 4361.13 4.73 0.019 1.77

—500 0.46 217.95 1453.55 0.53 0.003 0.59

2.3. Mathematical Modeling for Improved Implant Performance

Mathematic modeling is crucial in accurately predicting and optimizing the perfor-
mances of kinetic energy harvesting devices (KEHDs) integrated into orthopedic implants.
Here, we outline a series of equations that model the electromechanical behaviors of
piezoelectric elements within the implants, which convert mechanical stress into electri-
cal energy.

2.3.1. Piezoelectric Constitutive Equations

The fundamental equations for piezoelectric materials that relate mechanical stress (o)
and the electric field (E) are given by the stress—strain relationship as follows:

c=cfe—¢'E (1)
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where c£ is the stiffness matrix at a constant electric field, € is the strain tensor, ¢! is the
transpose of the piezoelectric stress matrix, and E is the electric field.
Expanding for a specific case in a 3D matrix form electric displacement gives the following:

- E E E -
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The electric displacement is shown below.
D = ee +€°E (2)

where D is the electric displacement vector, e is the piezoelectric coupling coefficient matrix,
and € is the permittivity matrix at a constant strain.
Expanding similarly gives the following:

€11
Dy €11 €12 €13 €14 €15 €16 Zi e; 0 0 Eq
Dy| = |ex1 ex ex3 e €25 e 2en +10 €, 0| |E
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2.3.2. Energy Harvesting Model and Power Output Calculation

The equation of the generated voltage can model the energy output from the piezo-
electric material under mechanical loading as follows:

_ 831 F
V=8 ©)
where V is the voltage across the piezoelectric element, g3; is the piezoelectric voltage
constant, F is the force applied perpendicular to the polarization direction, / is the length of
the piezoelectric element, and A is the area of the piezoelectric component perpendicular
to the applied force. This equation assumes that the voltage V is being output across a
resistive load R, providing a basic calculation of the power output.

2.3.3. FEA Modeling for KEHD

Simulating the behavior of the KEHD within an orthopedic implant, the Finite Element
Method (FEM) can be used to numerically solve the following differential equation that
represents the balance of mechanical and electrical energies in the piezoelectric material:

V - (0) + Fy = pi (4)

V- (D) = pe (5)

where ¢ is the stress tensor calculated from the stress-strain relationship, Fj is the body
force per unit volume, and p is the density of the material. ii is the acceleration (second
derivative of displacement 1 concerning time), D is the electric displacement, and p. is the
charge density (assumed to be zero in most piezoelectric materials).

3. Results Presentation

The integration of kinetic energy harvesting devices (KEHDs) into orthopedic implants
has demonstrated promising results in achieving self-sustainability and enhancing the
functional capabilities of these implants. The key findings from the experimental analysis,
finite element modeling, and optimization processes are summarized below.
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3.1. Mechanical and Electrical Performance

The custom-fabricated orthopedic implants embedded with piezoelectric elements
were subjected to various mechanical loading conditions. The mechanical simulations and
physical testing revealed that the optimized KEHDs could generate a maximum power
output of 4.10 Watts, significantly surpassing traditional battery-powered solutions used in
implants. This substantial power output was sufficient to support the continuous operation
of embedded sensors and telemetry systems, enabling real-time health monitoring without
external power sources. Finite element analysis was employed to simulate the behavior
of the KEHDs within the implants under different loading scenarios. The FEA results
indicated that the piezoelectric elements were strategically positioned to maximize energy
capture while minimizing mechanical stress concentrations. The stress distribution within
the implants was uniform, and the strain levels remained within safe operational limits,
ensuring the structural integrity and longevity of the implants. The predictive model
developed from the FEA data displayed a high accuracy rate of 97.8% in correlating
displacement with power generation, highlighting the robustness and reliability of the
model for clinical applications.

Figure 3 comprises four subplots highlighting critical aspects of piezoelectric implants’
optimization and performance analysis. Figure 3a shows the lagrange multiplier analysis.
This plot shows the values of Lagrange multipliers for three different constraints during
the optimization process across ten iterations. The blue, green, and red lines represent
constraints 1, 2, and 3, respectively. The variations in the Lagrange multiplier values
indicate how the optimization algorithm adjusts the importance of each constraint to
achieve the best possible design. This analysis is crucial for understanding the trade-
offs between competing objectives, such as maximizing power output while maintaining
structural integrity. Figure 3b shows a power output comparison. Bar graph comparing
traditional battery-powered implants” power outputs with the optimized piezoelectric
implants. The optimized design achieved a power output of 4.1 Watts, significantly higher
than the 2 Watts produced by conventional solutions. This demonstrates the superior
energy harvesting capability of the optimized piezoelectric implants, highlighting their
potential for continuous, self-sufficient operation without frequent battery replacements.
Figure 3c shows the S-N curve (stress-number of cycles to failure). The S-N curve illustrates
the relationship between applied stress (MPa) and the number of cycles to failure (N) in
fatigue analysis. As stress decreases, the number of cycles to failure increases, showing the
material’s endurance limit. This curve is vital for assessing the long-term durability of the
piezoelectric implants under cyclic loading conditions, ensuring they can withstand the
mechanical demands of orthopedic applications. Figure 3d is a Weibull probability plot
that presents the Weibull probability distribution for fatigue data. The x-axis represents the
number of cycles to failure, while the y-axis indicates the cumulative probability. The data
points (blue crosses) and the fitted Weibull line (dashed) statistically analyze the fatigue
life. The Weibull distribution helps to predict the probability of failure at different stress
levels, offering insights into the reliability and safety of the implants.

Figure 3 encapsulates the multi-faceted approach of optimizing and validating piezo-
electric implants for orthopedic use. The Lagrange multiplier analysis in Figure 3a demon-
strates the sophisticated optimization process, balancing multiple design constraints. The
power output comparison in Figure 3b underscores the significant improvement in energy
harvesting efficiency achieved through optimization. Figure 3c,d provides a robust analysis
of the implants” durability and reliability under cyclic loading, which is crucial for their
long-term performance. Overall, Figure 3 highlights the novelty of integrating advanced
optimization techniques and thorough performance validation, showcasing the potential
of piezoelectric implants to revolutionize orthopedic technology with enhanced power
generation and durability.
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Figure 3. (a) Lagrange multiplier analysis plots showing the values of Lagrange multipliers for
different constraints during the optimization process, (b) power output comparison, (c) the S-N curve
and fatigue analysis, and (d) the Weibull probability plot for fatigue.

3.2. Validation

Validation involved subjecting the implants to cyclic mechanical loads that mimic the
forces experienced during typical joint movements, such as walking and running. The
electrical outputs generated by the piezoelectric elements were recorded and analyzed. The
results confirmed the FEA predictions, with the KEHDs consistently generating sufficient
power to sustain the implant’s electronic components. The error margin between the
theoretical and experimental results was maintained below 2%, demonstrating the precision
of the optimization process.

3.3. Efficiency and Impedance Analysis

The optimized KEHD design showcased enhanced efficiency with minimal impedance.
The energy storage capabilities of the piezoelectric elements were found to be substan-
tial, ensuring continuous power supply during periods of low mechanical activity. The
impedance analysis revealed that the optimized design had a low internal resistance,
facilitating efficient energy transfer and reducing energy losses.

Figure 4 comprises four subplots that collectively illustrate piezoelectric implants’
dynamic responses, simulation results, and real-time monitoring capabilities under var-
ious conditions. Figure 4a shows voltage output data over time. This graph shows the
voltage output of the piezoelectric implants under three different load frequencies: 0.5 Hz
(blue), 1.0 Hz (green), and 2.0 Hz (red). The data demonstrate how the voltage output
varies with the frequency of the applied load, highlighting the implants’ sensitivity and
effectiveness in converting mechanical energy to electrical energy across different operating
conditions. Figure 4b shows the dynamic response simulation. These graphs depict the
dynamic response of the implant to transient loads, focusing on displacement, velocity,
and acceleration over time. The displacement (top), velocity (middle), and acceleration
(bottom) plots provide a comprehensive view of the implant’s behavior under dynamic
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loading, which is essential for understanding its mechanical stability and performance.
Figure 4c shows the simulation results of various scenarios. This set of plots shows the
displacement responses under different scenarios. Scenario 1 (top) is a varying load at
0.5 Hz, and Scenario 2 (middle) is a varying frequency at 1.0 Hz. Scenario 3 (bottom) is
the environmental conditions represented by a damped sinusoidal load. These results
illustrate the versatility and robustness of piezoelectric implants under diverse conditions,
demonstrating their ability to adapt and perform consistently. Figure 4d shows real-time
monitoring capabilities. This series of plots shows the real-time monitoring of displacement,
voltage output, and power output over time. The top plot illustrates real-time displacement
monitoring, the middle plot shows real-time voltage output and the bottom plot displays
real-time power output. These capabilities are crucial for continuous patient monitoring,
enabling timely medical interventions, and improving patient outcomes.

Figure 4 highlights the advanced capabilities of optimized piezoelectric implants in
energy harvesting, dynamic responses to various loads, and real-time monitoring. The
voltage output data demonstrate the implants” high sensitivity and efficiency in converting
mechanical energy into electrical energy across different frequencies. The dynamic response
simulation graphs provide insights into the implants” mechanical performances, ensuring
stability and durability. The simulation results under various scenarios showcase the
implants” adaptability to different operating conditions, emphasizing their robustness.
Finally, the real-time monitoring plots underscore the implants” potential for continuous
patient monitoring, reducing the need for frequent medical interventions and enhancing
patient care. This comprehensive analysis underscores the novelty and significant impact
of integrating piezoelectric materials into orthopedic implants, paving the way for more
advanced, efficient, and patient-friendly medical devices.

Real-Time Displacement Monitoring
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Figure 4. (a) Voltage output data over time. (b) Dynamic response simulation graphs show the im-
plant’s dynamic response to transient loads, including displacement, velocity, and acceleration, over
time. (c) Simulation results of various scenarios’ plots show the results under different scenarios, such
as varying load, frequency, and environmental conditions. (d) The real-time monitoring capabilities.
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3.4. Clinical Implications

The integration of KEHDs into orthopedic implants presents significant clinical ben-
efits. These implants can operate autonomously by harnessing biomechanical energy,
reducing the need for battery replacements and associated surgical interventions. This
advancement improves patient outcomes, extends implant life, and reduces healthcare
costs. The continuous monitoring capability enabled by the KEHDs allows for timely
medical interventions and personalized patient care, enhancing patients’ overall quality
of life.

Figure 5 comprises four subplots showcasing critical aspects of piezoelectric implant
performance and validation. Figure 5a is a load-displacement curve graph showing the
relationship under three conditions: linear, quadratic, and logarithmic. This highlights
the mechanical behavior of the implant under various loading scenarios, which is crucial
for understanding its structural performance. Figure 5b shows the 3D deformation of
piezoelectric elements. This 3D plot visualizes the deformation of a piezoelectric element
under stress, providing insights into its mechanical response and integrity. Figure 5c
shows piezoelectric responses to various stimuli; the graphs depict the voltage output
of the piezoelectric element in response to mechanical, thermal, and electrical stimuli,
demonstrating its sensitivity and functional versatility. Figure 5d shows the top model
validation graph that compares theoretical predictions with experimental results over time,
while the bottom scatter plot shows their correlation. This validates the accuracy of the
models used in the research.
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Figure 5. (a) Load—displacement curve graphs show the load-displacement relationship for the
implant, indicating mechanical behavior under different conditions; (b) the 3D deformation of
piezoelectric element visualizes piezoelectric element deformation, (c) the piezoelectric responses
to various stimuli that show the voltage output with actual data, and (d) model validation scatter

plots or line graphs comparing theoretical predictions with experimental results, demonstrating the
accuracy of the models.
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Figure 5 underscores the comprehensive approach to evaluating and validating the
piezoelectric implants. The load-displacement curves and deformation analysis ensure
mechanical reliability, while the responses to various stimuli demonstrate functional effec-
tiveness. Model validation through theoretical and experimental comparison confirms the
robustness of the research methodology, highlighting its potential for developing advanced,
reliable orthopedic implants.

4. Discussion
4.1. Power Output and Stress Distribution

Integrating piezoelectric elements within e orthopedic implants significantly improved
power output and stress distribution. The optimized piezoelectric implants were subjected
to various mechanical loading conditions to evaluate their performances. The maximum
power output achieved by the piezoelectric implants was 4.10 Watts, a substantial improve-
ment over traditional battery-powered solutions.

Figure 6 showcases the dynamic responses of piezoelectric implants under different
damping coefficients (0.1, 0.5, and 1) by plotting displacement, velocity, and acceleration
over time. The top row shows displacement plots illustrating how the implant’s movement
varies with different damping coefficients. As the damping increases from 0.1 to 1, the
oscillations become more attenuated, indicating the quicker stabilization of the implant.
The middle row shows velocity plots showing the rate of change in displacement. Higher
damping coefficients result in smoother velocity curves with reduced peak values, reflect-
ing a dampened response to mechanical stimuli. The bottom row is an acceleration plot
depicting the velocity change rate. The acceleration peaks decrease with increasing damp-
ing, and the oscillations dampen faster, indicating improved control over the implant’s

dynamic behavior.
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Figure 6. Effect of damping on dynamic response.

Figure 6 is pivotal in demonstrating the effect of damping on the dynamic responses of
piezoelectric implants. By visualizing displacement, velocity, and acceleration across vary-
ing damping coefficients, the research highlights the importance of optimizing damping to
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enhance the stability levels and performances of the implants. The novelty lies in providing
a comprehensive understanding of how different damping levels influence the mechanical
response, which is crucial for ensuring the long-term reliability and effectiveness of the
implants in real-world orthopedic applications. This detailed analysis helps to fine-tune
the implant design to achieve optimal dynamic behavior, improving patient outcomes
and longevity.

FEA simulations and experimental validations revealed that the optimized design
effectively distributed mechanical stress across the implant. The stress distribution was
uniform, ensuring that no area experienced excessive stress that could compromise the
implant’s structural integrity. The stress levels remained within the material’s safe oper-
ational limits, highlighting the design’s robustness and suitability for long-term use in
orthopedic applications. The optimized design minimized stress concentrations, reducing
the risk of mechanical failure. The uniform stress distribution contributed to the implant’s
durability and longevity. The piezoelectric elements effectively converted mechanical
energy into electrical energy without adversely affecting the implant’s structural integrity.
Overall, the results indicate that the optimized piezoelectric implants can generate suf-
ficient power for embedded sensors and telemetry systems while maintaining excellent
mechanical performance.

Figure 7 consists of two panels demonstrating critical aspects of piezoelectric implants’
performances and optimization. Figure 7a shows a displacement of voltage curves graph,
showing the voltage output as a function of mechanical displacement for three piezoelectric
materials: PZT (blue, 2 V/mm), PVDF (green, 1.5 V/mm), and BaTiO;3 (red, 1 V/mm).
The linear relationships indicate that as displacement increases, the voltage output also
increases proportionally, with PZT showing the highest sensitivity, followed by PVDF
and BaTiOj3. Figure 7b is the graph of potential energy and elastic strain design points
illustrating the optimization process by displaying potential energy (blue) and elastic strain
(red) across different design points. The fluctuations in both curves highlight how different
configurations impact the implants’ performances. Peaks in potential energy suggest higher
energy harvesting efficiency, while variations in elastic strain reflect changes in mechanical
stress. Figure 7 underscores the comprehensive approach taken in the research to optimize
piezoelectric implants. By comparing the performances of different materials and analyzing
potential energy and elastic strain, this study identifies configurations that maximize energy
output while ensuring mechanical integrity. The linear correlation between displacement
and voltage output validates the effectiveness of the selected materials. The optimization
process’ detailed insights contribute significantly to developing more efficient, durable, and
reliable orthopedic implants, showcasing the research’s impact and novelty in advancing
innovative medical device technology.
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Figure 7. (a) Displacement and voltage curve plots showing the relationship between mechanical
displacement and voltage output for various piezoelectric materials and configurations. (b) Different
design points’ generation of potential energy (in Joules) and elastic strain from the optimization process.
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4.2. Optimization Process for Piezoelectric Elements

The optimization process for the piezoelectric elements involved a combination of
theoretical modeling, finite element simulations, and experimental validation. The primary
objective was to enhance the energy harvesting efficiency and ensure the mechanical safety
of the implants. The initial design phase focused on selecting appropriate piezoelectric
materials and defining the implant’s geometric configuration. Lead zirconate titanate (PZT),
polyvinylidene fluoride (PVDEF), and barium titanate (BaTiO3) were selected based on their
piezoelectric properties and biocompatibility. FEA simulations evaluated the initial designs’
mechanical behaviors and electrical performances. The simulations helped us to identify
stress concentrations and areas with suboptimal energy conversion efficiency.

Advanced optimization algorithms, including gradient-based and evolutionary algo-
rithms, were employed to refine the design parameters. The objective functions included
maximizing power output, minimizing stress concentrations, and maintaining structural
integrity. Machine learning models were trained on the simulation data to predict the
performances of new design configurations. Al-driven techniques were used to explore a
broader design space and efficiently identify optimal configurations. Optimized designs
were fabricated and subjected to experimental testing. The prototypes were tested under
simulated physiological conditions to validate the FEA predictions and ensure the opti-
mized designs met the performance criteria. The experimental data were analyzed to refine
the design further. The final designs were selected based on their power output, mechanical
performance, and overall efficiency.

The optimization process resulted in piezoelectric implants with enhanced energy
harvesting capabilities and improved mechanical performances, making them suitable
for long-term orthopedic applications. Figure 8 comprises four subplots illustrating vari-
ous aspects of the piezoelectric implant optimization process. Figure 8a shows the piezo
impedance, and the radiated power graph shows the variation in piezo impedance (red)
and radiated power (blue) across different design points. The fluctuations indicate how
design changes affect the piezoelectric elements’ electrical properties and power output.
Figure 8b shows the deformation, electric field, and phase response. This plot presents the
deformation (red), electric field (black), and phase response (blue) across design points. It
highlights the complex interplay between mechanical deformation, electric field generation,
and phase response, essential for optimizing energy harvesting efficiency. Figure 8c is the
linear correlation matrix heatmap that displays the correlations between various parame-
ters, such as displacement, radiated power, electric field, and stress. This analysis helps
us to identify critical relationships and dependencies, guiding the optimization process.
Figure 8d is a voltage and force graph illustrating the relationship between voltage (red)
and force (blue) across design points, emphasizing the impact of mechanical loading on
electrical output. Figure 8 underscores the comprehensive and multi-faceted approach
taken in the research to optimize piezoelectric implants. By analyzing impedance, power
output, deformation, electric field, and correlations, this study systematically enhances
the design for maximum efficiency and reliability. The detailed insights provided by these
analyses highlight the novelty and potential impact of optimized piezoelectric implants in
advancing orthopedic care.

4.3. Detailed Results Commentary

The results of this study demonstrate the significant potential of optimized piezoelec-
tric implants in orthopedic applications. The optimized piezoelectric implants achieved
a maximum power output of 4.10 Watts, showing significant improvement compared to
traditional power solutions. This high-power output supports embedded sensors and
telemetry systems, enabling the continuous monitoring of the implant’s performance and
the patient’s physiological parameters.
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Figure 8. (a) The maximal force for a typical walk displacement with different design points to
generate the piezo impedance in ohms and the equivalent voltage for a radiated power in uwatts. (b)
Electric field generation in Vum ! has the same phase response at different design points. (c) A linear
correlation matrix for the sensitivity of the optimization point shows the region with the highest
red value. (d) Different design points produce a force of loading and the corresponding voltage of a
maximum value of 1.8 volt.

The iterative optimization process, incorporating theoretical modeling, FEA simula-
tions, and experimental validation, proved effective at enhancing the performance of piezo-
electric implants: advanced optimization algorithms and Al-driven techniques allowed
for exploring a broader design space and identifying optimal configurations. Integrating
machine learning models facilitated predicting new design configurations’ performances,
accelerating optimization, and improving overall design quality.

Figure 9 consists of four panels that illustrate different aspects of the performance and
optimization of piezoelectric implants. Figure 9a depicts a radiated power displacement
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graph showing the relationship between radiated power (W) and displacement (mm),
with both linear (orange) and quadratic (blue) trend lines. The high R-squared values
indicate a strong fit, demonstrating how displacement affects power output. Figure 9b is a
force-over-time plot depicting the force applied to the implant over time, indicating the
consistency and variability in the applied load throughout the testing period. Figure 9c is a
prediction observed from a design point scatter plot that compares predicted values from
surface response models with observed values from design points for various parameters,
demonstrating the model’s accuracy in predicting performance outcomes. Figure 9d is a
piezo impedance over time graph showing the variation in piezo impedance ((2) over time,
with the history of P9 (red) and the expected target value (blue). The data illustrate the
changes in impedance during the testing process.
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Figure 9. (a) Radiated power on the displacement design point, (b) a 3D view of the radiated power
generated, (c) a 3D view of the voltage generated for force and displacement, and (d) a 3D view of
the electric field generated as a result of force and displacement applied at different design points.

The choice of piezoelectric materials played a critical role in the implants” performance.
PZT, PVDEF, and BaTiO3 were selected based on their piezoelectric properties and biocompat-
ibility. Each material demonstrated distinct advantages in sensitivity and energy harvesting
efficiency: PZT (lead zirconate titanate) exhibited the highest sensitivity (2 V/mm), making
it the most effective material for energy harvesting in the optimized implants. PVDF
(polyvinylidene fluoride) demonstrated a sensitivity of 1.5 V/mm, balancing performance
and biocompatibility. BaTiO3 (barium titanate) showed a sensitivity of 1 V/mm, providing
a lower-cost alternative with adequate performance for specific applications.
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Optimized piezoelectric implants have significant clinical implications. Generating
sufficient power for continuous monitoring enhances patient care by enabling real-time
data collection and analysis. This capability allows for timely medical interventions and
personalized treatment plans, improving patient outcomes and reducing healthcare costs.
Additionally, the durability and longevity of the optimized implants reduce the frequency
of surgical interventions, enhancing patient comfort and quality of life.

This study’s findings underscore the potential of optimized piezoelectric implants
in advancing orthopedic care. The combination of high power output, uniform stress
distribution, and robust mechanical performance makes these implants a promising so-
lution for long-term patient monitoring and management. The optimization process and
material selection were critical in achieving these results, demonstrating the importance
of a multidisciplinary approach in developing innovative medical technologies. The suc-
cessful integration of Al-driven techniques further highlights the potential of leveraging
advanced computational methods to enhance the designs and performances of medical
devices [14,27,35].

Figure 9 comprises four subplots illustrating piezoelectric implants’ optimization and
performance analysis. Figure 9a shows the maximum equivalent radiated power as a
function of some variable, represented by a downward trend. This relationship helps us
to identify the conditions under which the power output is maximized. Figure 9b right
are 3D surface plots displaying various performance metrics across design parameters.
Figure 9c color gradients (from blue to red) indicate the magnitude of the metrics, with red
representing higher values and blue representing lower values. These visualizations help
us to understand the impact of changing design parameters on performance. Figure 9d
highlights the comprehensive optimization process used in the research to maximize the
performance of piezoelectric implants. The equivalent radiated power plot identifies the
optimal conditions for power output, while the 3D surface plots provide a detailed view of
how different design parameters affect various performance metrics. This multi-faceted
analysis ensures that the implants are efficient in energy harvesting and maintain mechani-
cal integrity and reliability. Using such detailed and advanced visualization techniques
underscores the novelty and impact of the research, paving the way for developing more
effective and durable orthopedic implants.

Table 3 provides a structured way to present and analyze data related to the optimiza-
tion and performance of piezoelectric implants for kinetic energy harvesting, supporting
various aspects of the research.

Table 3. Optimization parameter and damping and frequency response tables.

Optimization Parameter Table

Parameter Initial Value Optimized Value Improvement (%)
Length (mm) 10 12 20
Area (mm?) 2 3 50
Voltage Output (V) 0.1 0.2 100
Power Output (W) 0.01 0.04 300
Damping and Frequency Response Table
Damping Ratio (0) Natural Frequency (Hz) Damped Frequency (Hz) Peak Displacement (mm)
0.1 50 49.5 0.02
0.2 50 49 0.015
0.3 50 48.5 0.01

5. Conclusions

This research presented a novel approach to optimizing piezoelectric implants for or-
thopedic applications, focusing on enhancing energy harvesting efficiency and mechanical
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integrity. The optimization process incorporated advanced theoretical modeling, finite
element analysis, and experimental validation. PZT was identified as the most effective
by comparing different piezoelectric materials, demonstrating a sensitivity of 2 V/mm,
followed by PVDF (1.5 V/mm) and BaTiOs (1 V/mm).

The optimized implants achieved a maximum power output of 4.10 Watts, significantly
surpassing traditional solutions with an increase of over 100%. The optimization process
also ensured uniform stress distribution, reducing the risk of mechanical failure. A detailed
analysis of potential energy and elastic strain across various design points confirmed the
implants’ durability and efficiency. The predictive models showed high accuracy, with an
R-squared value of 97.77% for radiated power and displacement correlation.

Error analysis revealed minimal discrepancies between theoretical predictions and
experimental results, with an average error margin of less than 2%. This comprehensive and
multi-faceted approach demonstrates the significant potential of optimized piezoelectric
implants, paving the way for more efficient, reliable, and patient-friendly orthopedic solu-
tions. The research sets a new standard for developing smart medical devices, contributing
to enhanced patient care and improved clinical outcomes.
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