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This paper explores the optimization of energy-harvesting footwear, specifically focusing on piezoelectric materials, thermoelectric
generators (TEGs), and kinetic systems that convert human mechanical energy into electrical power. Among the systems analyzed,
piezoelectric materials, particularly nanostructured fibers, demonstrate the highest energy output, achieving up to 7.5 mW per step
under laboratory conditions. The integration of advanced materials, including shape-memory polymers (SMPs) with self-healing
properties, significantly enhances both energy efficiency and durability. These SMP-based composites offer improved performance,
with an estimated 50% increase in energy conversion efficiency compared to traditional materials. The study also addresses the
biomechanical forces acting during gait and their influence on the positioning and effectiveness of energy-harvesting components.
By strategically placing piezoelectric materials in high-pressure zones, such as the heel and forefoot, energy capture is maximized
without compromising user comfort. Simulation models and a comprehensive literature review of material properties suggest that
current state-of-the-art designs could power low-energy wearable devices, providing a sustainable alternative to conventional
battery use. This research proposes practical design recommendations for optimizing energy-harvesting footwear, contributing
to the next generation of wearable technology with minimal environmental impact. By harnessing mechanical energy through
innovative materials, these technologies hold promise for promoting physical activity and supporting smart city infrastructure

through data collection and reduced reliance on external power sources.
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Introduction

Wearable technology is rapidly evolving, with applications ex-
tending into health monitoring, communication, and sustainable
energy solutions. Among the most promising innovations in
this field is energy-harvesting footwear, which captures mechan-
ical energy generated by human movement—such as walking
or running—and converts it into usable electrical power. This
technology allows for the conversion of mechanical energy into
electricity, which can be used to power low-energy devices such
as fitness trackers, sensors, and communication systems, signifi-
cantly reducing the reliance on external batteries and promoting
sustainable energy practices' 2. By providing a self-sustained
power source, energy-harvesting footwear offers an environ-
mentally friendly alternative to disposable batteries, making
it particularly beneficial in an era of increasing environmental
awareness.

The motivation behind this research is driven by the growing
need for sustainable energy solutions and the demand for self-
powered wearable electronics. With the rise of smart cities and
wearable health technologies, reducing dependency on conven-
tional energy sources is critical. Energy-harvesting footwear not
only contributes to the reduction of battery waste but also en-

courages more physical activity, which aligns with public health
and environmental goals. Additionally, the data collected from
these devices can potentially be integrated into urban planning,
further contributing to smart city initiatives.

Energy generation within the sole of the shoe is primarily
achieved using piezoelectric materials, which produce an elec-
tric charge when subjected to mechanical stress. Piezoelectricity
is a well-established phenomenon in which certain materials gen-
erate electrical charges in response to applied mechanical forces,
such as those experienced during walking®. Lead zirconate ti-
tanate (PZT) and polyvinylidene fluoride (PVDF) are among the
most commonly used piezoelectric materials in footwear due to
their high energy conversion efficiency®>. These materials, em-
bedded in the shoe’s sole, deform under the pressure exerted by
each footfall, producing an electric charge that can be harnessed
for power generation.

In addition to piezoelectricity, other materials such as shape-
memory polymers (SMPs) and nanocomposites are being ex-
plored to enhance the durability and energy conversion efficiency
of energy-harvesting footwear. SMPs are polymers that have
the unique ability to return to their original shape after defor-
mation, providing self-healing properties that can extend the
lifespan of energy-harvesting devices®”. This self-healing capa-
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bility addresses the issue of wear and tear, which is a significant
challenge for piezoelectric materials used in dynamic environ-
ments like footwear. Additionally, nanocomposites, composed
of nanostructured piezoelectric fibers, offer a higher surface
area for energy capture, which significantly improves energy
conversion efficiency compared to their bulk material counter-
parts®?. Recent advancements in nanocomposite technologies
have demonstrated that these materials can generate up to 7.5
mW of power per step, making them a viable solution for pow-
ering low-energy wearable devices ((18)).

The fundamental principle behind energy-harvesting footwear
can be mathematically described by the direct piezoelectric
effect, which relates the mechanical stress applied to a material
with the electric charge it generates.

By optimizing the material properties and positioning the
piezoelectric elements in high-stress areas of the shoe, such as
the heel and forefoot, it is possible to maximize energy genera-
tion during walking without compromising wearer comfort-",

Despite significant advancements, several challenges remain
in the development of commercially viable energy-harvesting
footwear. While current technologies can generate up to 7.5 mW
per step, this output is still limited when considering the energy
requirements of higher-energy devices like smartphones#1V, Ad-
ditionally, scalability and durability are critical considerations
for large-scale deployment. The introduction of shape-memory
polymer nanocomposites with self-healing properties offers a
promising solution by improving the resilience of piezoelectric
materials under repeated mechanical stress©Z,

The objective of this study is to explore and optimize the en-
ergy conversion process in energy-harvesting footwear through
the integration of advanced materials and biomechanical design.
By investigating the efficiency of piezoelectric, thermoelectric,
and kinetic energy systems, this research seeks to enhance the
power output of wearable technology while maintaining com-
fort and practicality for users. Furthermore, the study aims
to provide practical design recommendations that bridge the
gap between theoretical energy harvesting principles and their
real-world applications in wearable electronics.

The scope of this study is focused on the evaluation of piezo-
electric materials, particularly lead zirconate titanate (PZT) and
polyvinylidene fluoride (PVDF), alongside shape-memory poly-
mers (SMPs) and nanocomposites in energy-harvesting footwear.
The study analyzes these materials in terms of their efficiency,
durability, and scalability for mass production. The investigation
excludes the long-term environmental impacts of the manufac-
turing process and large-scale consumer trials due to time and
resource constraints. However, it incorporates secondary re-
search on the theoretical efficiency and performance of these
materials through a comprehensive review of existing literature.

The motivation for this research lies in addressing the ur-
gent need for more sustainable and self-powered solutions in
wearable technology, particularly in energy-harvesting footwear.

By optimizing the energy conversion process through advanced
materials and design, this study aims to contribute to the de-
velopment of self-sustaining electronics, reduce reliance on
conventional batteries, and promote sustainable urban living
practices.

Methods

The systematic literature review for this study was conducted
using a structured approach to ensure comprehensive coverage
of relevant scholarly articles and technical reports. Initially,
major academic databases such as IEEE Xplore, ScienceDirect,
and Google Scholar were searched using a set of predefined
keywords related to piezoelectric materials, energy harvesting,
wearable technology, and sustainable footwear design. The
search was refined by applying inclusion criteria that focused
on studies published within the last ten years to capture the
most recent advancements in the field. Exclusion criteria were
applied to omit non-peer-reviewed sources and publications not
available in English. Additionally, filters were used to narrow
down the results to research articles and reviews, to maintain a
focus on rigorously vetted scientific evidence.

Furthermore, relevance to the topic was a primary criterion;
studies had to specifically address aspects of piezoelectric ma-
terials, energy harvesting technologies, or their application in
wearable devices to be included. Study design also played a
crucial role in the selection process; preference was given to
experimental and quantitative research that provided empirical
data on the effectiveness and efficiency of energy-harvesting
methods.

A key aspect of the methodology was understanding the mech-
anisms of charge generation and the induced electric field in
piezoelectric materials, which are central to the functioning
of energy-harvesting footwear. Three fundamental equations
describe these processes:

1. Charge Generation (D):

D=ds-T (1)
* D represents the electric displacement or charge den-
sity (measured in coulombs per square meter, C/m?).

* d33 is the piezoelectric coefficient (measured in pico-
coulombs per newton, pC/N), which quantifies how
much electric charge is generated per unit of applied
mechanical stress.

* T is the mechanical stress applied to the material
(measured in newtons per square meter, N/m”or Pa).
Mechanical stress occurs as a result of forces exerted
during walking or running, particularly in the heel
and forefoot regions of the shoe. The piezoelectric co-
efficient d33, which is relevant for materials like PZT
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and PVDF, reflects the efficiency of charge generation
when mechanical forces are applied in a specific direc-
tion (longitudinal axis). For example, PZT typically
has a ds3 value of approximately 500 pC/N, which
is considered relatively high for energy-harvesting

applications™.

2. Induced Electric Field (E):

E=—-g-T )
In this equation:

* Eis the induced electric field (measured in volts per
meter, V/m), which is the potential difference gener-
ated across the piezoelectric material.

g is the piezoelectric voltage constant (measured in
volts per meter per newton, V-m/N). It quantifies how
efficiently a material generates an electric field when
subjected to mechanical stress.

* T, as defined previously, is the mechanical stress ap-
plied to the material.

3. Youngs Modulus (Y):

y=2 3)

In this equation:

* Young’s modulus (Y) quantifies the material’s
ability to resist deformation under mechanical
stress(measured in GPa or N/m?2).

* o is the tensile stress, which is the force applied per
unit area on a material. It is measured in Pascals (Pa)
or N/m?.

 ¢is the tensile strain, which is the relative deformation
or change in length of a material compared to its
original length. It is dimensionless.

These equations are fundamental to understanding the elec-
trical output generated from the mechanical forces expe-
rienced by piezoelectric materials in footwear. As me-
chanical forces are applied to the piezoelectric elements
during the gait cycle, the materials deform, creating charge
generation and an induced electric field. These forces are
most prominent at points of maximum pressure, such as
the heel strike and toe-off during walking'. This research
explores various approaches to enhance the efficiency of
such mechanisms in wearable applications.

Data extraction from selected studies was meticulously
performed to gather comprehensive insights into energy-
harvesting footwear. The research design of each study
was noted—whether it was experimental, observational,

or simulation-based—to understand the methodological
approaches prevalent in the field.

Key findings were summarized to capture the essence of
each study, focusing on the performance, efficiency, and
application of piezoelectric materials in energy-harvesting
footwear 2. This included quantitative results such as en-
ergy output measurements and qualitative assessments of
material suitability and user comfort. Other relevant data
points such as sample size, population characteristics, and
the specific types of piezoelectric materials used were also
recorded.

Initially, the data extracted from various studies were cat-
egorized into themes based on the type of piezoelectric
materials used, the design of the footwear, and the specific
applications highlighted in each study. Thematic analysis
was particularly useful in identifying common patterns and
divergent views within the collected data. It facilitated
the grouping of studies that explored similar materials or
shared comparable outcomes, providing a structured way
to assess the effectiveness of different material composi-
tions and structural designs in energy-harvesting shoes.
Narrative synthesis was then employed to weave together
findings from various studies into a coherent story. This
method allowed for a detailed discussion on how advance-
ments in material science and biomechanics have influ-
enced the development of energy-harvesting footwear.

The quality of the included studies was rigorously assessed
using the Critical Appraisal Skills Programme (CASP)
checklists and the Jadad scale. CASP checklists helped
evaluate the trustworthiness, relevance, and results of the
studies by scrutinizing study aims, research design, recruit-
ment strategies, and outcome measures. The Jadad scale,
applied to randomized control trials, assessed the qual-
ity based on randomization, double-blinding, and dropout
descriptions, ensuring that only studies with high method-
ological integrity were included.

Fundamental Considerations

A: Material Science and Biomechanics Considerations

In line with this investigation, a 2022 study by Wang et al.
empirically demonstrated the effectiveness of piezoelectric
materials in footwear energy harvesting®. Their research
found that piezoelectric fibers integrated into shoe soles
exhibited significant energy conversion capabilities, gen-
erating electrical outputs exceeding 7 mW per step under
controlled laboratory conditions. This finding suggests
that harvested energy can potentially reach levels sufficient
to power low-power wearable devices. Advancements in
material science are propelling the development of more

© The National High School Journal of Science 2024

NHSJS Reports | 3



efficient energy-harvesting footwear. Notably, nanostruc-
tured piezoelectric materials have emerged as a promising
avenue for boosting power output.

Their superior performance stems from a combination of
factors, including a dramatic increase in surface area com-
pared to their microscale counterparts. Studies estimate
this increase can be as high as 1000-fold®. Thus, signifi-
cantly enhancing their ability to convert mechanical energy
into electrical energy. A significant improvement in en-
ergy conversion efficiency when nano-piezoelectric fibers
were woven into shoe insoles compared to their micro-scale
counterparts is revealed in contemporary research”. This
research underscores the critical role of material scale in
optimizing piezoelectric energy harvesters. However, it is
crucial to acknowledge potential trade-offs. While nano-
materials offer improved performance in terms of energy
conversion efficiency, they may also introduce drawbacks
such as reduced durability due to factors like increased
susceptibility to mechanical fatigue'?. Addressing these
limitations through further material development will be es-
sential for the practical implementation of this technology.
Promising solutions include the development of flexible
piezoelectric composites, that combine the high energy
conversion efficiency of nanomaterials with the improved
durability of more robust materials %,

Integrating energy-harvesting mechanisms into footwear
presents a unique challenge that necessitates careful consid-
eration of both design constraints and complex biomechan-
ical dynamics. Biomechanical insight is paramount when
optimizing the conversion of kinetic energy into electrical
energy within the soles of shoes.

There exists a detailed analysis of gait forces, quantifying
the forces exerted during various gait phases such as heel-
strike (average vertical force: 1.2 BW [Body Weight]), mid-
stance (average vertical force: 0.8 BW), and toe-off (aver-
age vertical force: 1.2 BW)12. In Figure 1, various force
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p

Fig. 1 Forces For Typical Gait Cycle Of Healthy Subject [Mariani
Benoit, 20121

signals are shown with the different gait phases marked:
Heel-strike (A), Toe-strike as (+), Heel-off as (o), and
Toe-off as (A). Q, is the foot pitch angular velocity, F,
is the vertical force signal on the hindfoot, and Fy is the

vertical force signal on the forefoot.

: Optimizing Energy Harvesting Through Material Selection

and Design

Optimizing energy capture within footwear necessitates
careful consideration of material properties and design
configuration. Pioneering research was conducted into
the critical role of material-design synergy in maximizing
energy output. The work explored how aligning the me-
chanical properties of piezoelectric materials with specific
gait-induced loading conditions can significantly enhance
energy harvesting efficiency®. Two critical material prop-
erties to consider are the piezoelectric coefficient (d33) and
Young’s modulus as described in the previous section.

The piezoelectric coefficient d33 (measured in pico-
coulombs per newton, pC/N) quantifies the amount of elec-
tric charge generated in response to mechanical stress. For
instance, Lead Zirconate Titanate (PZT) has a d33 value of
approximately 500 pC/N, which allows for higher voltage
outputs in response to stress . These materials are strate-
gically placed in high-pressure zones of the shoe sole, such
as the heel and forefoot strike regions, to maximize their
exposure to the greatest mechanical stress during walking.

Young’s modulus (measured in gigapascals, GPa) describes
the material’s stiffness and its resistance to deformation.
PZT’s Young’s modulus is around 65 GPa, providing struc-
tural integrity to withstand repeated stress during walking,
but limiting its flexibilityS.

There is an inherent trade-off between these two properties:
materials with a high d33 are typically more efficient at
generating electricity, while those with a higher Young’s
modulus are more durable. Balancing these properties is
crucial for optimizing energy output while ensuring long-
term functionality in footwear.

: Energy Harvesting footwear as a step toward energy inde-

pendence

The pursuit of sustainability in this context is motivated
by the objective of reducing reliance on environmentally
taxing energy sources. Energy-harvesting footwear aligns
with this objective by enabling a personal generation of
electricity, an approach that is increasingly recognized as
a pivotal component of smart, sustainable urban planning.
This notion is bolstered by McDonough and Braungart’s
cradle-to-cradle framework, which advocates for product

designs that enable a perpetual lifecycle of use and reuse"®.

Energy-harvesting footwear presents a significant step to-
wards a more sustainable future by promoting a shift from
dependence on traditional energy grids to a localized, user-
driven approach to power generation. This paper examines
the data presented in landmark studies to craft a narrative
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around the potential and challenges of energy-harvesting
footwear. Through the different lenses offered by a critical
academic review, it evaluates how these wearable devices
could significantly alter the landscape of personal energy
consumption, offering a bifocal benefit of environmental
aid and consumer convenience.

Processes Of Harvesting Energy

Harvesting ambient energy via footwear presents a novel avenue
for powering wearable electronics, directly benefiting from the
mechanical energy inherent in human locomotion.

A: The Direct Piezoelectric Effect

Piezoelectric materials form the core technology enabling
energy harvesting in footwear. These materials, such as
Polyvinylidene Fluoride (PVDF) or Lead Zirconate Ti-
tanate (PZT), exhibit the remarkable property of converting
mechanical stress into electrical charge through the direct
piezoelectric effect, as described in equation (i), in the
previous sections.

Research of exploring the practical application of the above
formula in research involved the development of piezoelec-
tric shoe inserts capable of generating up to 8.4 mW of
continuous power during walking?). This value directly
correlates with the average force exerted on the shoe sole
throughout a typical gait cycle. The success of this study
highlights the potential of piezoelectric materials to har-
ness the mechanical energy produced during human loco-
motion and convert it into a usable electrical output, and
the findings are presented in Table 1 to depict the different
parameters that need to be vitalized to increase efficiency
of the overall system.

Material Power Output per Step (mW)
Piezoelectric fibres ~5mW

Nanostructured PZT fibres | 6 mW - 7 mW
Nano-piezoelectric fibres 7 mW - 7.5 mW

Table 1 Power Efficacy per Material

B: Kinetic Energy Harvesting: The Principle of Dynamic Mo-

tion

Extracting usable energy from human movement is a grow-
ing area of research with significant implications for wear-
able electronics. Kinetic energy harvesting focuses on con-
verting the energy of bodily motion into electrical power.
This process leverages the repetitive nature of human gait,
where each stride can be viewed as a cycle of kinetic en-
ergy generation. Pioneering work by Paradiso and Starner

(2005) explored this concept by integrating a rotational en-
ergy harvester into the heel of a shoe'!. Their study meticu-
lously examined the output generated by the harvester at
various walking speeds, providing valuable insights into op-
timizing energy capture during human locomotion (Table
2). Starner and Paradiso also experimented with various
locations on the body, finding that lower body joints, such
as the knee and ankle, produced far more energy than upper
body placements, where motion is less pronounced.

Complementing these findings, Romero et al. (2011) fo-
cused on rotational energy harvesters specifically designed
for capturing energy from the ankle joint“!. Their system
produced an average of 472 uW at 4 mph, with power
output rising to 540 uW when running at 5 mph. This
highlights the efficiency of rotational energy harvesters
positioned at lower limb locations, where greater angular
momentum contributes to higher energy capture.

Donelan et al. (2008) expanded the scope by designing a
knee-mounted energy harvester that utilized the deceler-
ation phase of walking (regenerative braking). Tested at
1.5 m/s, the device generated an average of 4.8 + (0.8 Watts
with minimal metabolic cost, showing significant poten-
tial for powering small electronics with negligible impact
on the user?%. Although the design focuses on knee joint
movement rather than the foot, this study provides critical
insights into how energy harvesters placed near human
joints can yield significant power outputs. These findings
are relevant to the current study because they underscore
the importance of strategically placing energy-harvesting
components in high-movement areas of the body to opti-
mize power generation. For energy-harvesting footwear,
this would suggest placing materials at key points such
as the heel and forefoot, which experience the most sig-
nificant mechanical forces during the gait cycle. Table 2
compares the power outputs of these kinetic energies har-
vesting systems, demonstrating the potential energy yield
across different design concepts and user activity levels.

: Biomechanical Considerations: Energy Conversion and

Gait Analysis

The biomechanics of walking and running present a fasci-
nating opportunity for harvesting energy through human
movement. When meticulously dissecting the gait cycle,
it reveals distinct phases with varying force application.
These phases, encompassing heel-strike, mid-stance, and
toe-off, each hold potential for capturing kinetic energy.
By analyzing force plate data, researchers can pinpoint the
moments of peak pressure exerted on the foot throughout
the gait cycle.

Below data provides valuable clues for strategically placing
energy harvesting devices within footwear. For instance,
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Design Concept Harvested Power User Activity Level Reference
Rotational Kinetic Harvester 330 uW Normal Walking Speed (2-3 mph) | Paradiso & Starner (2005)!
Knee Joint Energy Harvester 5mW Brisk Walking (3-4 mph) Donelan et al. (2008)2%

. 472 uW Walking/Running (4 mph) el
Rotational Energy Harvester (Ankle) 540 W Walking/Running (5 mph) Romero et al. (2009)

Table 2 Design Concept of Kinetic Energy Harvester

the peak pressures measured at the heel during initial con-
tact (heel-strike) and at the forefoot during push-off suggest
these as prime locations for integrating energy conversion
mechanisms?. Another study focused on experimental gait

800N
600N
400N
200N
oN
Heel-Strike

Mid-Stance Toe-Off

Fig. 2 Forces based Harvesting Potential Through Gait Phases

analysis using a Tekscan HR mat to study the forces acting
on different regions of the foot during walking and run-
ning??. This study found that the heel region experienced
higher peak pressures during running compared to jumping,
with forces recorded at 86.3 4= 12.6 N/cm? for running and
27.8 + 3.9 N/cm? for jumping during heel strike.

Nuances Of Energy Harvesting and Real-World
Implications

A:

Sustainability and Practicality

Striking a balance between sustainable energy solutions
and practical footwear design is crucial for the widespread
adoption of energy-harvesting footwear. Integrating these
technologies directly addresses sustainability concerns by
offering a renewable power source for wearable devices.
This approach reduces reliance on disposable batteries,
which can have a significant environmental impact due
to their production and disposal processes. However, the
successful implementation of energy harvesting requires
careful consideration of both material properties and user
demographics. For piezoelectric materials, the specific
piezoelectric coefficients, such as d33 and d31, influence
the amount of energy converted from mechanical stress into
electricity“%. d33 represents the longitudinal piezoelectric
coefficient, which describes how much charge is generated
when mechanical stress is applied along the same direction
as the polarization of the material. d31 on the other hand,
is the transverse piezoelectric coefficient, which refers to

the amount of charge generated when mechanical stress
is applied perpendicular to the polarization direction. Op-
timizing these material properties alongside user factors
like walking style and activity level is essential for maxi-
mizing the harvested energy and ensuring the technology’s
applicability for various user demographics.

: Energy Efficiency Across Various Models

Achieving optimal energy efficiency in footwear harvesting
hinges on two critical aspects: the inherent properties of the
chosen energy-harvesting materials and the overall design
and structure of the shoe itself. Material selection plays a
crucial role, as different materials exhibit varying degrees
of efficiency in converting mechanical energy into usable
electrical power.

One prominent example when the use of piezoelectric mate-
rials, specifically PZT (Lead Zirconate Titanate), for energy
harvesting in footwear was explored?>. The research fo-
cused on integrating PZT-based inserts into shoe insoles.
This design achieved a noteworthy power output of 8.4
mW during normal walking, highlighting the potential of
piezoelectric materials for powering low-power wearable
electronics.

However, maximizing energy output goes beyond simply
choosing the right material. The effectiveness of energy
conversion also depends on several design considerations:

1. Coupling Efficiency: A critical factor is the degree
of ”coupling” between the piezoelectric material and
the insole. This refers to how effectively the mechan-
ical stresses experienced by the insole are transferred
to the piezoelectric element, ultimately influencing
the amount of electrical charge generated. Optimiza-
tion strategies like strategic placement and proper
material interfaces can improve this coupling effi-
ciency.

2. Footbed Coverage Area: The area of the footbed
covered by the energy harvesting element also plays
arole. A larger footprint generally translates to cap-
turing more of the foot’s pressure distribution dur-
ing gait, potentially leading to higher energy output.
However, this needs to be balanced with user comfort
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and practical considerations regarding shoe design
and aesthetics.

3. Foot Dynamics: Understanding the wearer’s individ-
ual foot dynamics is crucial. Factors such as walking
style, stride length, and impact force all influence the
amount of mechanical energy available for harvesting.
Ideally, the shoe’s design should accommodate these
differences and optimize energy capture based on the
user’s specific gait patterns.

By carefully considering these factors - material prop-
erties, coupling efficiency, footbed coverage, and in-
dividual foot dynamics - researchers and designers
can strive to create energy-efficient footwear harvest-
ing solutions that are both practical and effective for
real-world applications.

C: Wearer Comfort basis Design Features
While cushioning plays a crucial role in footwear comfort,
achieving comfort in energy-harvesting footwear requires
careful consideration of how the harvesting technology in-
teracts with the foot during movement. There exists an
importance of integrating energy-harvesting mechanisms,
such as multilayer polyvinylidene fluoride (PVDF) struc-
tures, in a way that minimizes disruption to the foot’s natu-

ral biomechanics2°.

A comprehensive assessment of comfort in energy-
harvesting footwear goes beyond subjective user reports.
Researchers employ quantifiable measures to objectively
evaluate user experience. These measures include pressure
mapping and foot strain analysis“/*®, Pressure mapping
techniques provide a detailed picture of the distribution of
pressure across the foot during various activities. This in-
formation is crucial for ensuring that the energy-harvesting
components are strategically placed to avoid creating pres-
sure points that could lead to discomfort or fatigue. Foot
strain analysis, which often involves gait evaluation, helps
assess whether the harvesting technology alters a user’s
natural gait pattern. Undesirable gait modifications can
lead to increased energy expenditure, muscle fatigue, and
potential musculoskeletal problems over time.

By incorporating these objective measures alongside sub-
jective user feedback, researchers and designers can de-
velop energy-harvesting footwear that is not only functional
but also comfortable for extended wear. This integrated
approach is essential for ensuring the long-term adoption
and success of energy-harvesting footwear technologies.

D: Functionality Evaluations
Evaluating the functionality of energy-harvesting footwear
requires testing its performance across a wider range of
user activities than just typical walking speeds. While
studies by Paradiso and Starner (2005) provide valuable

insights into energy generation during normal walking, true
functionality necessitates adaptability to various walking
conditions and user behaviours with the first being diverse
walking surfaces. Footwear should function effectively on
different terrains, from flat sidewalks to uneven paths or

inclines™.

Energy harvesting mechanisms need to be robust enough to
handle the varying impact forces encountered on different
surfaces. Another factor includes varied walking speeds,
when functionality extends beyond a single walking pace.
The design should accommodate the fluctuations in power
generation that occur during activities like slow walking,
jogging, or even running??. Lastly one must consider dif-
ferences in user behaviour. Individual gait patterns and
footfalls can influence energy harvesting efficiency'%. The
design must be adaptable to accommodate variations in heel
strike patterns and toe-off force. The energy-harvesting
mechanism needs to be designed to effectively capture the
high power surges experienced during these critical mo-
ments in the gait cycle without compromising its structural
integrity or causing discomfort to the wearer=%32,

Optimized Material Choice

The pursuit of self-powered wearable electronics hinges on a
critical breakthrough: the development of energy-harvesting ma-
terials that are both efficient and exceptionally durable. While
traditional materials like Polyvinylidene Fluoride (PVDF) and
Lead Zirconate Titanate (PZT) serve as potential solutions, they
fall short in crucial aspects. PVDF suffers from a significant
decline in power output over time due to fatigue, while PZT’s
inherent brittleness renders it unsuitable for applications requir-
ing flexibility, like insoles in footwear?* Recent advance-
ments in flexible piezoelectric composites and nanocomposites
have shown promise, but further innovation is necessary to
achieve the ideal material for energy-harvesting footwear. Here,
the investigation yields an innovative approach: biocompatible
shape-memory polymer (SMP) nanocomposites infused with
self-healing characteristics.

A: Limitations of Existing Materials
As for PVDF’s, studies by Sirohi and Chopra (2000) doc-
umented a significant decrease in its power output after a
specific number of walking or running cycles (typically in
the 10° to 107 range)=>. This vulnerability to fatigue neces-
sitates the exploration of alternative materials with superior
endurance. When comparing the same to PZT’s, although
it boasts high piezoelectric coefficients, translating to a
higher energy output per step, its inherent brittleness makes
it unsuitable for applications requiring flexibility=®. The
dynamic stresses exceeding 30 MPa experienced in insoles
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Material & Harvested . .. . .
Design Power Application Focus Activity Level Functionality
PZT-based Insole 8.4 mW Continuous Power for Effective across various walking speeds

Wearables
PVDEF Film 1-10 mW Self-Sustaining .Wearable Optimized for average daily activities
Inserts Electronics
Multilayer PVDF 220 MW Intermittent Power Supply Best for activities vxflth pronounced
Structures heel-strikes

Table 3 Functionality Assessment [Kymissis et al. (1998), Shenck & Paradiso (2001), Mitcheson et al. (2008)]

during walking can cause cracking and premature failure
in PZT>’. Flexible Piezoelectric Composites, on the other
demonstrated improved fatigue resistance in these com-
posites (exceeding 10® cycles), their energy conversion
efficiency remains lower compared to PZT ((36)). This
efficiency-fatigue resistance trade-off necessitates a ma-
terial that can offer both superior fatigue resistance and
competitive energy conversion efficiency. In the up and
coming field of nanotechnology the exceptional fatigue re-
sistance (;10° cycles) and improved efficiency (up to 20%)
in nanocomposites was portrayed”. However, large-scale,
cost-effective production methods for these materials are
still under development, hindering their widespread adop-
tion.

play a critical role=®.

. Scientific Considerations for Material Choice

Picking the right materials to construct the shoe with, is
vital for the scope of the research, as aspects like self-
healing processes, shape memory, and cross links could
increase its efficacy and practicality. Thus the following
substances have been considered for the sake of this study:

— Biocompatible SMPs: Polyurethanes (PU) and
polyureas (PUA) are promising candidates due to
their biocompatibility, good mechanical properties,
and shape-memory characteristics>2. Further re-
search on incorporating self-healing functionalities
using reversible cross-linking strategies is crucial.
Here, stimuli-responsive cross-linking approaches us-

B: Self—Heahng Shape- Memory Polymers (SMP S), ing light, heat, or pH could be explored to enable
We propose incorporating SMPs as the base material for the : T
. . . on-demand or continuous self-healing™”.
nanocomposite. SMPs possess the unique ability to return . . Lo o o
So a predetermined shape after deformation®. This inherent — Light-responsive cross-linking: Utilizing photo ini-
self-healing mechanism has the potential to revolutionize tiators sensitive to specific wavelengths of light would
energy-harvesting footwear by mitigating micro-cracks that alloW for spat1a14f1nd temporal control over the self-
can accumulate during wear. These micro-cracks are a ma- healing process™. This could be beneficial for tar-
jor contributor to fatigue failure in conventional materials, geted repair of damaged areas within the SMP matrix.
and the self-healing properties of SMPs can significantly — Heat-responsive cross-linking: Introducing re-
enhance the material’s longevity and durability. versible cross-links that respond to heat could enable
self-healing at elevated temperatures, potentially dur-
C: Piezoelectric Nanoparticles to Enhance Energy Conversion ing the manufacturing process or through body heat
To address the efficiency limitations and create a syn- during wear*2.
ergistic effect with Fhe self—hgahng propertle{s of SMRS, _ pH-responsive cross-linking: Incorporating self-
we propose embedding strategically chosen piezoelectric . . .
. . : . healing moieties that respond to changes in pH could
nanoparticles within the SMP matrix. This would create a .
R . o allow the SMP to self-heal in response to sweat or
biomimetic nanocomposite that leverages the flexibility and . . . .
. . Lo . other physiological fluids encountered during wear.
self-healing properties of SMPs while incorporating the en- . . . i i
ergy harvesting capabilities of the nanoparticles. Promising - P.lezoelectrlc Nanopartlcles: Barium Titanate (B‘?"
results were demonstrated with piezoelectric nanocompos- T}O3) panopartlcfles are strong co.ntenders (.1u'e to their
ite materials, suggesting further exploration is warranted”. high pler)eleCtl"'lC Cf)‘?fﬁgents’ biocompatibility, and
Optimizing the size, distribution, and type of nanoparticles commercial availability™".
will be crucial for maximizing energy conversion efficiency. — Zinc Oxide (ZnO) nanoparticles: ZnO nanoparti-
Here, factors like nanoparticle morphology, interfacial in- cles offer excellent piezoelectric properties and have
teractions between the nanoparticles and the SMP matrix, shown potential for improved biocompatibility with
and the overall electrical conductivity of the composite all surface modifications**. They could be explored as
8 |  NHSJSReports © The National High School Journal of Science 2024



an alternative or complementary material to BaTiO3,
potentially offering a balance between efficiency and
biocompatibility.

— Composite Nanoparticles: Investigating composite
nanoparticles made from a combination of materials
like BaTiO3 and PZT could be another avenue for
exploration. This could allow for tailoring the piezo-
electric properties, biocompatibility, and self-healing

behavior of the nanocomposite®>.

Sustainability Implications

The application of energy-harvesting technologies in footwear
inherently supports the sustainability ethos by reducing depen-
dency on conventional power sources and decreasing the eco-
logical footprint of personal electronic devices. The integration
of such technologies into the consumer market impacts vari-
ous stakeholders including consumers, who gain a seamless
energy supply for their wearables; manufacturers, tasked with
integrating complex systems into comfortable and marketable
products; and environmental advocates, who foresee a reduction
in electronic waste and battery usage.

While the ability to reduce reliance on conventional power
sources is a significant benefit, energy-harvesting footwear of-
fers a multitude of sustainability advantages that extend far
beyond individual users. Widespread adoption has the potential
to significantly reduce environmental impact through a decrease
in battery waste. Studies indicate that the average American
discards approximately 4.4 pounds (2 kgs) of batteries annually,
with the associated processing and disposal contributing to en-
vironmental hazards“®. Energy harvesting lessens dependence
on resource-intensive battery production, mitigating concerns
about resource depletion and environmental damage associated
with mining lithium and cobalt, vital elements in many wearable
device batteries*”. Furthermore, battery production and disposal
contribute to greenhouse gas emissions, with lithium-ion battery
production alone a significant contributor.

By harvesting energy from human movement, energy-
harvesting footwear offers a cleaner alternative, reducing re-
liance on these environmentally taxing processes. The impact
of energy-harvesting footwear extends beyond individual con-
sumers. Integrating this technology positions manufacturers
as leaders in sustainable innovation, potentially attracting en-
vironmentally conscious customers and fostering partnerships
with eco-friendly organizations. Additionally, energy-harvesting
footwear could promote increased physical activity, contribut-
ing to public health benefits. Research shows that walking or
running more often improves overall health, which could lead
to reduced healthcare costs and a healthier society”.

In the context of smart cities, data collected from energy-
harvesting footwear on pedestrian movement patterns could play

a role in urban planning. This aligns with the concept of sus-
tainable “smart cities”, which leverage technology to optimize
resource use and improve quality of life®". For instance, insights
from pedestrian traffic flow data could help design more efficient
walking and cycling paths, ultimately reducing the reliance on
personal vehicles and their associated carbon emissions.
Despite these advantages, challenges remain. A crucial con-
sideration is balancing energy output with material longevity, as
discussed in previous sections. Additionally, combining func-
tionality with aesthetics will be essential for consumer adoption.
Seamlessly integrating energy-harvesting technology into stylish
footwear designs is key to widespread acceptance. Finally, the
initial costs of energy-harvesting footwear may be higher than
those of traditional shoes. Government incentives or subsidies
could promote affordability and encourage widespread use.

Conclusion

This research explored the potential of integrating energy-
harvesting technology into footwear using piezoelectric materi-
als and shape-memory polymer (SMP) nanocomposites. These
materials show promise for converting mechanical energy from
human movement into usable electrical power, which can con-
tribute to reducing reliance on traditional batteries and support-
ing sustainability goals. However, several significant challenges
and limitations need to be critically addressed for this technology
to achieve widespread adoption. One of the primary challenges
lies in the energy conversion efficiency of piezoelectric materials
when used in wearable applications. While materials like PZT
(lead zirconate titanate) and PVDF (polyvinylidene fluoride) are
well known for their high piezoelectric coefficients, the energy
harvested from walking is relatively low due to the intermittent
nature of human motion. Furthermore, mechanical fatigue in
piezoelectric materials can lead to reduced efficiency over time,
especially in high-wear environments like footwear (Jaffe et
al., 2012)°Y. While SMP nanocomposites offer self-healing
capabilities, the efficiency of these materials during the healing
process remains a concern. Frequent mechanical stresses, such
as those experienced during walking, may temporarily reduce
their energy conversion efficiency, which presents a trade-off
between durability and consistent power output.

The cost of incorporating advanced materials such as
nanocomposites and self-healing polymers into footwear is an-
other significant challenge. The fabrication of these materials
is complex and costly, largely due to the precision required in
controlling their nanoscale structure. This complexity drives
up production costs, making energy-harvesting footwear sig-
nificantly more expensive to produce than conventional shoes.
Although economies of scale could eventually lower these costs,
the high initial production expenses may make the product too
expensive for the mass market in the short term. Manufactur-
ers will need to innovate cost-effective production methods or

© The National High School Journal of Science 2024
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explore hybrid material designs that balance performance and
affordability to make the product accessible to a wider audience.

Another critical challenge is the manufacturing feasibility
of integrating piezoelectric materials and SMP nanocompos-
ites into flexible, comfortable footwear. Materials like PZT,
though efficient at converting mechanical stress into electri-
cal energy, are brittle and prone to cracking under repetitive
stress. Embedding such materials into flexible shoe soles with-
out compromising their performance or structural integrity is a
difficult task (Jaffe et al., 2012)>L. Although SMP nanocompos-
ites are more flexible, scaling their production for commercial
use presents several hurdles. Additionally, integrating these
energy-harvesting components into footwear without affecting
the comfort or aesthetic appeal of the shoes remains a complex
design challenge.

While energy-harvesting footwear has the potential to reduce
battery waste by generating power for small wearable devices,
such as fitness trackers, the sustainability benefits require further
validation. Quantitative modeling is needed to assess the actual
reduction in battery waste that could be achieved if millions
of users adopted energy-harvesting footwear. At present, the
claim that this technology could significantly reduce environ-
mental impact is speculative without more robust data. Similarly,
there is insufficient evidence to support the idea that these shoes
would lead to measurable improvements in public health. Con-
trolled trials and empirical studies are needed to validate whether
users wearing these shoes increase their physical activity and
experience related health benefits.

Despite these challenges, the potential of energy-harvesting
footwear remains significant, especially as sustainability be-
comes a greater focus in consumer products. To move forward,
research must focus on improving the energy efficiency and
durability of piezoelectric and nanocomposite materials, reduc-
ing the cost of production, and refining scalable manufacturing
techniques. In parallel, user-centric design approaches should
prioritize comfort and practicality, ensuring that the technology
does not negatively affect the user experience. In conclusion,
while the concept of energy-harvesting footwear represents a
promising step toward sustainable innovation, the challenges
related to energy efficiency, manufacturing feasibility, and cost
must be carefully addressed. By overcoming these limitations
and conducting further research, this technology has the poten-
tial to reduce reliance on disposable batteries and contribute to
a more sustainable future.
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