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ABSTRACT
Energy harvesting textiles (EHTs) are intelligent fabrics that are designed to harness various
sources of available energy like solar rays, mechanical motion, temperature differences, and
electromagnetic waves. With their potential to convert various sources of energy, EHTs can be
used for self-sustaining wearable technology devices, healthcare monitoring and even
sustainable fashion technology. The current literature review provides a compilation of recent
advancements in energy harvesting technology, materials, and processing. Also, various key
considerations for energy efficiency, robustness, and processing costs are reviewed.
Keywords: Energy Harvesting Textiles, Smart Fabrics, Wearable Electronics, Nanomaterials,
Sustainability
Introduction
The increasing use of wearable technology, smart fabrics and sustainable energy sources has
led to scientific explorations in the realm of self-powered systems. The use of traditional
batteries as efficient as it faces many issues in their application such as their size, limited shelf
life and contribution to landfill waste. Thus, a new branch of research has been opened in
energy harvesting textile technology, which pertains to fabrics that can tap energy from their
surroundings and convert it into electrical energy [1,2].
EHTs are functionalized textiles integrating functional materials in a traditional textile
architecture such as photovoltaic coatings, piezoelectric fibers, thermoelectric nanostructures
and conductive polymers. This allows fabrics to convert energy from a wide range of sources
into electrical power such as solar radiation, mechanical motion, thermal gradients and
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electromagnetic waves. Materials science, textile engineering and electronics in a combination
have placed EHTs at the advanced stage of smart fabric development [3,4].

The repeated MTAS fact lightning migrates to the detriment of discourse on productivity issues.
Their application potential has been explored for usage in healthcare, military, survival
accessories and loT networks for which continuous and independent powering functionality
represents a fundamental necessity. Though a number of developments have been showcased
in this domain, efficiency, washability and mass manufacturing techniques remain a set of
concerns for EHTs in this regard [5,6].

This review summarizes the recent advancements in energy harvesting textiles is based on their
energy sources, materials, fabrication techniques, functional properties and applications as well
as their use limitations. It also points out the future directions while emphasizing the
significance of nanomaterials, hybrid systems and standardized testing methods toward the
commercialization of EHTSs.

Energy Sources for Harvesting

Solar Energy

Among the several sources, solar energy has been one of the most explored ones for textile-
based energy harvesting because of its abundance and renewable nature. Flexible photovoltaic
PV fibers and coatings can easily be integrated into fabrics for sunlight to electricity conversions
without affecting wearer comfort. Early developments included dye sensitized solar cells
(DSSCs) which were appropriate for textile embedding due to their flexibility and transparency
[5,14]. More recently, interest has focused on perovskite solar cells which can attain high
efficiencies with tunable bandgap energies and the possibility of low-cost fabrication processes.
[17,13]

Solar cells based on textiles can be integrated using fiber spinning, weaving or coating on a
surface so that they can be used as wearable solar panels. Despite that, there are challenges
that come with making them flexible enough to withstand bending, washing as well as
resistance to UV light. Secondly, there are challenges that come with low light conditions. Solar
cells and energy harvesting technologies are being devised concurrently as solar cells [12,6].
Mechanical Energy

Energy harvesting, mainly relating to mechanical sources, transforms motion, vibration and
pressure into electricity and therefore is highly relevant for wearable applications. Among the
systems available, two principal mechanisms are dominant:

e Piezoelectric Fibers: Piezoelectric materials like polyvinylidene fluoride are able to
generate an electric charge when exposed to mechanical deformations. These types of
fibers can be embedded in fabrics and collect energy from motions such as walking,
stretching and even respiratory activities [10,7].

e Triboelectric nanogenerators: It is avail of the contact electrification between different
textile surfaces. In case of fabrics rubbing with each other or skin, charge will be
generated and harvested as electrical energy. [12,21]

The harvesting of mechanical energy is very desirable since it can use people's movements as a
power source thus giving a constant supply of energy for everyday activities. The main issue is
the efficiency while the durability under cyclic mechanical loading has been the toughest
challenge. Improvements are being witnessed in nanostructured surface properties and flexible
electrodes [16,18].

Thermal Energy

Thermo-harvesting in textiles involves the use of temperature differences between the human
body and the ambient atmosphere. Thermoelectric textiles are made of materials that
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generate voltage upon such temperature gradients to realize passive power generation [11,13].
In particular, nano structural materials have widely been studied for high thermoelectric
efficiency, among them bismuth telluride composites [15,19].

This is often achieved by coating fibers with thermoelectric material or embedding
nanostructured films in fabric layers. This integration could also work effectively in cold
conditions, where the body is able to produce heat that the energy harvesters can work with.
Efficiency, though, still remains very low at less than 5% and performance upon bending and
washing is challenging to maintain. Current research endeavors into flexible nano structures, as
well as polymer-based thermos electrics, emphasize scalability and wearability [4,6].
Electromagnetic Energy

Energy harvesting based on electromagnetic sources aims at converting ambient Radio
Frequency (RF) signals emanating from Wi-Fi, mobile networks and broadcasting systems into
usable electrical energy. To this end, fabrics are being woven with conductive fibers along with
textile antennas that can absorb the RF signals and convert them into usable electricity [8,20].
This technique, therefore, has a very great potential in loT-enabled environments due to the
fact that continuous RF exposure serves as a reliable energy source. Textile antennas can be
easily sewn or embroidered on garments without significantly affecting comfort or aesthetic
experiences. The overall energy size from the energy harvester is usually small. However, it
should help in running low energy sensors or wireless communication modules [8,18].

One of the difficulties facing RF energy harvesting devices is antenna design that would allow
flexibility, combination of performance stability with flexibility and energy conversion
efficiency. Furthermore, scientists are investigating hybrid systems that can not only harvest RF
energy but also obtain it from other sources such as solar or mechanical energy [22,18].
Materials and Fabrication Techniques

The effectiveness of energy harvesting textiles (EHTs) really hinges on the materials chosen and
the methods used to weave them into standard fabrics. Let's break down some key types of
materials and techniques that are popular right now.

Conductive Polymers

Conductive polymers like poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT:
PSS), polyaniline (PANI) and graphene composites are drawing a lot of interest for use in
textiles. These materials not only have good electrical conductivity but also maintain a level of
flexibility that makes them great for coating or embedding into fibers. For instance, PEDOT: PSS
is water dispersible, which means it can be applied through printing or dip-coating while
polyaniline’s conductivity can change based on its oxidation state. Graphene stands out
because of its impressive electrical and mechanical qualities, often combined with polymers to
boost both durability and conductivity [7,22].

These conductive polymers play a key role in piezoelectric and thermoelectric applications
acting as electrodes or charge transport layers. They're lightweight too, which helps keep
fabrics comfortable. Still, there are some hurdles to overcome, especially regarding how well
they hold up in the wash and their longevity when exposed to different environments [6].
Nanomaterials

Nanomaterials including carbon nanotubes (CNTs), MXenes, and metallic nanoparticles like
silver, gold and copper are changing the game for smart textiles. CNTs are known for their high
electrical conductivity, strength and flexibility, making them perfect for weaving into fibers or
coating fabrics. MXenes, a family of two-dimensional transition metal carbides and nitrides,
exhibit excellent conductivity and hydrophilicity, enabling efficient energy conversion and
storage. Metallic nanoparticles, on the other hand, are often used to enhance surface charge
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generation in triboelectric nanogenerators or to improve the thermoelectric performance of
fabrics [9,15].

These nanomaterials are typically added to textiles using methods like electrospinning, dip
coating, or chemical vapor deposition, allowing for precise control over how they’re shaped
and distributed. Their tiny size means they don’t affect fabric comfort much but they do
significantly increase energy harvesting efficiency. The main limitations include high production
costs and potential environmental concerns associated with nanoparticle release [3].

Hybrid Structures

Hybrid structures combine different energy harvesting methods within the same textile to
boost output and reliability. For example, some fabrics mix photovoltaic coatings with
piezoelectric fibers, which allows them to capture both solar and mechanical energy at the
same time. Likewise, thermoelectric layers can be paired with triboelectric nanogenerators to
take advantage of both temperature changes and motion [14,18].

These hybrid systems help solve the issue of inconsistent energy generation meaning textiles
can create power in various environmental conditions. They also enhance overall efficiency by
utilizing complementary methods. Creating these hybrid structures often involves techniques
like layer-by-layer assembly, multi material weaving, or advanced printing methods. However,
there are still challenges to tackle, such as keeping them flexible, reducing bulk and ensuring all
the different materials work well together [7,21].

Textile Integration Methods

Integrating functional materials into textiles requires techniques that don’t compromise
comfort, breathability or durability. Here are a few common methods:

Weaving and knitting: Functional fibers like piezoelectric or conductive yarns are woven or
knitted right into the fabrics. This ensures structural stability and an even distribution [18,16].
Coating: Fabrics can be coated with conductive polymers, nanomaterials or photovoltaic films
using dip-coating, spray-coating or roll-to-roll processes. While this method is straightforward,
it might reduce flexibility [22].

Printing: Techniques like screen printing and inkjet printing allow for the precise placement of
functional inks such as (PEDOT: PSS) or silver nanoparticle inks onto textile surfaces creating
patterned structures for energy harvesting [15].

Electrospinning: This method spins nanofibers that contain piezoelectric or conductive
materials directly onto fabrics, producing lightweight and flexible layers for energy harvesting
[12,21].

Each of these methods comes with its own set of benefits regarding scalability, cost and
performance. Still, achieving wash durability, mechanical strength and scaling up production
are major hurdles that need addressing.

Functional Properties

The effectiveness of energy harvesting textiles (EHTs) relies not just on their ability to produce
electricity but also on how comfortable, durable and adaptable they are as fabrics. Unlike rigid
energy devices, textiles need to be wearable, breathable and mechanically strong, all while
using advanced materials for energy harvesting. Below are some key functional properties that
are crucial for EHTSs:

Flexibility and Comfort

Flexibility is a must for wearable textiles. The fabrics need to stretch, bend and fit the human
body without sacrificing their energy harvesting capabilities. Materials like conductive polymers
such as PEDOT: PSS and nanomaterials like carbon nanotubes are often preferred because they
mix good electrical conduction with mechanical flexibility. Using hybrid fiber designs where
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functional coatings are layered onto stretchy materials helps keep textiles soft and comfortable
while still generating power. However, challenges remain with rigid photovoltaic coatings and
fragile thermoelectric films, which can crack if bent too much [7,17].

Durability and Wash Resistance

For EHTSs to be practical, they need to be durable since they go through washing, rubbing and
exposure to various environments. Unfortunately, many functional coatings show signs of wear
after fewer than 20 washes, which limits how long they can be used effectively. Researchers
are working on encapsulation methods, protective polymer layers and nanostructured
reinforcements to boost wash resistance. Mechanical durability is just as crucial as fabrics need
to handle bending, folding and stretching with everyday use. There’s ongoing research into self-
healing polymers and flexible encapsulation films to help lengthen the lifespan of EHTs [4,6].
Energy Conversion Efficiency

How efficiently a textile converts harvested energy is key to whether it can actually power
wearable devices. Textile-based systems usually have a conversion efficiency of around 1-10%,
which varies by energy source. Solar textiles can hit higher efficiencies when conditions are
right but mechanical and thermal systems typically have lower outputs. By combining different
energy sources like solar and piezoelectric, hybrid systems can enhance reliability and overall
energy yield. New developments in nanomaterials such as MXenes and graphene composites,
are helping to improve charge transport and boost efficiency [10,11].

Scalability and Manufacturing

For EHTs to go from lab prototypes to real-world products, we need scalable manufacturing
techniques. Methods like roll-to-roll printing, fiber spinning and screen printing enable large
scale production of these functional fabrics. These approaches allow for the integration of
conductive inks, nanomaterials and polymer coatings into textiles on an industrial scale.
However, scalability also requires affordable materials and consistent manufacturing protocols.
Although there have been successful pilot scale demonstrations, large scale adoption is still
limited because of high material costs and complex processing requirements [8,22].

Reliability in Hybrid Systems

Hybrid systems that pull energy from multiple sources offer better reliability by offsetting the
weaknesses of individual systems. For instance, solar energy harvesting can drop in low light
situations, but adding mechanical or RF harvesting helps ensure steady power generation.
Additionally, hybrid constructions can spread energy harvesting roles across different layers of
the fabric reducing stress on single components. Still, making sure that different materials work
well together while keeping the fabric comfortable is a challenge that needs to be addressed
[18,20].

Applications

Energy harvesting textiles (EHTs) are really versatile and can be used in a variety of fields from
consumer electronics to healthcare and defense. These textiles are great at providing a steady
source of power on their own, which is especially useful in situations where traditional
batteries just won't cut it or aren't a sustainable choice.

Wearable Electronics

One of the coolest uses for EHTs is in wearable tech. This includes things like fitness trackers,
smart clothing and personal monitoring tools. By weaving in photovoltaic fibers, piezoelectric
yarns or triboelectric nanogenerators into the fabric, these garments can actually produce
electricity from sunlight, body movements or even just friction when people go about their day
[6,14].
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So, wearables can run without the hassle of changing batteries or recharging all the time. For
instance, smart jackets with solar cells can charge up communication devices and sportswear
with triboelectric fibers can capture energy from running or stretching. Plus, incorporating EHTs
into fashion aligns perfectly with the rising trend of functional and eco-friendly clothing, mixing
style with cutting edge technology [7,17].

Military and Outdoor Gear

When it comes to military and outdoor gear, the need for reliable, portable and tough energy
sources is key. EHTs can be built into uniforms, tents or backpacks, giving soldiers in remote
areas self-powered options for their gear. These fabrics can keep communication radios, GPS
gadgets and environmental sensors running without needing extra batteries [9,8]. Even
outdoor survival gear like jackets and sleeping bags can use thermoelectric textiles to capture
body heat making sure essential devices keep working even in extreme conditions. Lightweight
and flexible, EHTs also make it easier for soldiers and outdoor enthusiasts to move around
without being weighed down by heavy batteries [11,13].

Healthcare

In the healthcare field, EHTs make it possible to keep track of vital signs like heart rate,
breathing and body temperature without relying on external power sources. Smart medical
textiles can combine biosensors with energy-harvesting layers allowing for real-time data
collection and wireless communication. For example, piezoelectric fibers can pick up tiny
movements while thermoelectric fabrics can convert body heat into energy to power sensors.
This tech is especially beneficial for older patients, athletes and anyone who needs long term
monitoring as it cuts down on the reliance on bulky devices and boosts comfort. By integrating
EHTs into healthcare textiles, we're also paving the way for self-sustaining diagnostic systems
and wearable therapeutic gadgets [18,19].

loT Integration

EHTs are fundamental in the Internet of Things (loT) landscape where they can serve as
independent nodes in smart environments. They gather energy from their surroundings to
power built in sensors that check things like humidity, temperature or air quality. In smart
homes, EHTs can be integrated into things like curtains or upholstery that produce power from
sunlight or movement playing a role in creating more energy efficient living spaces. In industrial
environments, you can find EHTs woven into safety gear to keep tabs on worker safety sending
data wirelessly without needing extra batteries. Overall, the smooth incorporation of EHTs into
loT systems boosts connectivity, sustainability and automation [8,20].

Conclusion

Energy harvesting textiles (EHTs) are a fascinating blend of materials science, textile
engineering and electronics paving the way for sustainable and self-sufficient wearable
technologies. Unlike regular batteries that come with size limitations have a short lifespan and
raise environmental concerns. EHTs harness energy from the environment by capturing various
sources like sunlight, movement, heat differences and electromagnetic waves. This capability
to generate power from ambient conditions makes EHTs a game changer for the next wave of
smart fabrics [3,9].

Recent breakthroughs in nanomaterials, hybrid energy harvesting systems and scalable
production methods have greatly enhanced EHTs' performance and practicality. Materials like
MXenes, carbon nanotubes and graphene composites are boosting conductivity, flexibility and
how efficiently they convert energy. At the same time, hybrid systems that pull from multiple
energy sources help tackle the problem of inconsistent energy availability. Plus, advancements
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in manufacturing techniques like roll-to-roll printing, fiber spinning and fancy coating methods
are making it easier to take things from the lab and scale them up for production [9,19].
The influence of EHTs could reach far and wide. In healthcare, for example, self-sufficient
medical textiles could mean continuous monitoring of vital signs improving patient comfort and
cutting down the need for extra devices. In defense and outdoor scenarios, energy-harvesting
uniforms and gear could give soldiers and adventurers a reliable power source even in remote
places. When it comes to consumer electronics and fashion, smart clothing integrated with
EHTs could charge wearables while also being eco-friendly. And in the real the Internet of
Things (loT), EHTs might work as independent nodes, helping to create smart environments and
energy efficient systems [8,22].
That said, there are still challenges to tackle like boosting energy output, ensuring durability
after multiple washes making production cost effective and setting standardized testing
protocols. To overcome these hurdles, collaboration among textile engineers, materials
scientists and electronics researchers will be key. Plus, developing international standards for
performance evaluation is crucial for building consumer trust and speeding up
commercialization [6,22].
In summary, energy harvesting textiles are set to become essential in the next generation of
smart fabrics, supporting sustainable, self-powered systems across a variety of applications. As
innovation continues in materials, production and system integration, EHTs could change how
we view textiles from just passive materials to active, smart platforms that contribute to global
sustainability and tech advancements.
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