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ABSTRACT

The global fashion industry is increasingly under scrutiny due to its
significant environmental and social impacts, including resource
depletion, high carbon emissions, chemical pollution, and growing
volumes of textile waste. In response, sustainable fashion has emerged as
a transformative approach aimed at reducing environmental footprints,
promoting ethical practices, and advancing circularity across the value
chain. This review presents a comprehensive synthesis of current
developments in eco-friendly materials and cutting-edge technological
innovations that are driving next-generation sustainable fashion
solutions. Key areas examined include bio-based natural fibers and fibers
derived from agricultural or industrial waste, recycled and regenerated
fibers, and the application of green chemistry in dyeing, finishing, and
other textile processing methods. Furthermore, the review explores
technological advancements such as digital and smart manufacturing,
3D knitting, additive manufacturing, and lifecycle monitoring through
digital product passports. Circular economy—oriented innovations,
including chemical recycling, upcycling, and reverse logistics, are also
discussed as strategies to extend product life, reduce waste, and enable
closed-loop systems. The review identifies major technological drivers,
barriers to adoption, and current research gaps, emphasizing the need
for interdisciplinary collaboration, scalable production methods, and
supportive regulatory frameworks. By integrating materials innovation
with advanced production systems and circular economy principles, the
fashion industry can progress toward fully sustainable and resource-
efficient practices, creating pathways for long-term environmental
stewardship, social responsibility, and economic resilience.

Keywords: sustainable fashion, eco-friendly materials, technological
innovations, circular economy, bio-based fibers, recycled fibers, green
chemistry

Introduction

The fashion industry is widely recognized as one of the
most resource-intensive and environmentally impactful
sectors globally. It is responsible for substantial water
consumption, high greenhouse gas emissions, chemical

pollution from dyeing and finishing processes, and the
accumulation of vast quantities of textile waste in landfills
or incineration facilities.! The environmental footprint
of fashion is further compounded by social and ethical
concerns, including exploitative labor practices, poor
working conditions, and limited transparency in global
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supply chains. These challenges have prompted a growing
demand for sustainable approaches that not only address
environmental degradation but also promote social
responsibility and economic resilience.

In response, sustainable fashion has emerged as a
transformative paradigm aimed at reducing negative
environmental impacts while fostering circularity, resource
efficiency, and ethical business practices.? The concept of
sustainable fashion extends beyond material selection
to encompass the entire lifecycle of a garment, from
design and production to consumption and end-of-life
management. Two interconnected domains lie at the heart
of this transformation:

Eco-friendly materials, which focus on minimizing reliance
on virgin, non-renewable resources and hazardous
substances. This includes the adoption of bio-based fibers,
recycled textiles, and non-toxic dyes, all of which aim to
reduce environmental footprints while maintaining product
performance and quality.

Technological innovations, which enable cleaner and more
efficient production processes, support circular design
strategies, and facilitate responsible lifecycle management.
Innovations such as green chemistry in textile processing,
digital manufacturing techniques, 3D knitting, and
blockchain-enabled traceability are reshaping the way
fashion products are designed, produced, and circulated.

This review systematically examines recent advancements in
these two domains, highlighting how eco-friendly materials
and technological innovations can work synergistically to
accelerate sustainability transitions in the fashion industry.
By identifying emerging trends, technological drivers,
limitations, and research gaps, the review aims to provide
a comprehensive overview of next-generation solutions
that can support a shift toward circular, resource-efficient,
and socially responsible fashion practices.

Eco-Friendly Materials In Next-Generation
Fashion

Sustainable fashion relies heavily on the development
and adoption of eco-friendly materials that reduce the
environmental footprint of garments while maintaining
quality and functionality. These materials include bio-
based natural fibers, lab-engineered or biofabricated
textiles, recycled and regenerated fibers, and non-toxic
dyes. The following sections provide a detailed overview of
these materials, highlighting their environmental benefits,
functional properties, and potential applications in next-
generation sustainable fashion.

Bio-Based Natural Fibres

Bio-based fibers, derived from renewable plant or animal
sources, have gained significant attention as alternatives to

synthetic fibers due to their biodegradability, lower energy
requirements, and reduced chemical inputs. They represent
a critical step toward reducing reliance on petrochemical-
derived textiles and promoting more sustainable resource
use.

Plant-Based Fibres

Traditional plant-based fibers, including organic cotton,
hemp, bamboo, and linen, offer a combination of
biodegradability, durability, and reduced chemical input.
Organic cotton, for example, eliminates the use of synthetic
pesticides and fertilizers, mitigating soil contamination
and water pollution while also promoting healthier
ecosystems. Hemp and linen are highly resilient and require
substantially less water and agrochemical inputs compared
to conventional cotton, making them suitable for large-
scale sustainable textile production.*Bamboo fibers, while
naturally antimicrobial, also provide a soft and flexible
material for garments, though processing methods must
be carefully managed to minimize environmental impacts.

Novel Bio-Mass Fibres

Beyond traditional plant fibers, innovative fibers derived
from agricultural by-products are gaining popularity.
Materials such as pineapple leaf fiber (Pifiatex), banana
fiber, and coconut coir utilize waste streams from food
or agricultural production, converting them into value-
added textiles.® Pifiatex, for example, serves as a durable
and flexible alternative to leather, supporting both
sustainability and animal-free fashion practices. Banana
fibers and coconut coir similarly offer promising mechanical
properties suitable for shoes, accessories, and composite
materials, contributing to waste valorization and circularity
in fashion supply chains.

Bioengineered and Lab-Grown Materials

Advances in biotechnology have enabled the development
of bioengineered and lab-grown textiles that can replicate
or even improve upon the properties of natural fibers
while reducing environmental impacts. These materials
often require minimal land, water, and chemical inputs
compared to conventional fiber production.

Bacterial cellulose is a highly pure and strong fiber that
can be grown in controlled environments using simple
carbon sources. Its production generates minimal waste
and has excellent biodegradability, making it suitable for
applications in footwear, apparel, and leather alternatives.®

Mycelium-based materials, derived from fungal networks,
offer a sustainable, animal-free alternative to leather. These
materials can be engineered for different levels of flexibility,
thickness, and durability, and they require significantly
less energy and water during production compared to
conventional leather.”
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Bioengineered silk proteins, produced through microbial
fermentation, replicate the mechanical strength, elasticity,
and luster of natural silk without relying on sericulture.
This approach eliminates the ethical and environmental
concerns associated with traditional silk production.®

Recycled Fibers and Regenerated Materials

Recycling and regeneration technologies address the
growing problem of textile waste and reduce the industry’s
reliance on virgin materials. These approaches contribute
directly to circular economy goals by extending the lifecycle
of garments and transforming waste into high-value inputs.

Mechanical Recycling

Mechanical recycling involves shredding post-consumer
or post-industrial textile waste and re-spinning it into new
fibers. This process is generally low-energy and avoids the
use of harsh chemicals. However, mechanical recycling can
shorten polymer chains, resulting in fibers with reduced
tensile strength and durability, which may limit their
applications in high-performance garments.®

Chemical (Regenerative) Recycling

Chemical recycling breaks down fibers into their molecular
building blocks, which can then be used to produce high-

quality regenerated fibers such as lyocell, rayon, CUPRO,
and chemically recycled polyester.'® Closed-loop solvent
systems in lyocell production, for instance, allow solvents
to be recovered and reused, minimizing environmental
pollution and water consumption.! Chemical recycling
also enables the processing of blended textiles, a critical
step in addressing complex textile waste streams that are
difficult to recycle mechanically.

Bio-Based and Non-Toxic Dyes

Dyeing and finishing processes are major contributors to
water pollution, chemical toxicity, and energy consumption
in the fashion industry. Bio-based and non-toxic dyes
provide sustainable alternatives to conventional synthetic
dyes. Natural dyes sourced from plants, algae, and insects
have been traditionally used but are increasingly being
optimized for industrial-scale applications. Additionally,
microbial pigments produced by bacteria, fungi, or algae
offer vibrant colors without heavy metals or toxic mordants,
and they can be produced under controlled conditions
to reduce environmental impacts.!? Integrating these
dyes with sustainable fibers and advanced processing
technologies further enhances the overall sustainability
profile of garments.

Table |.Comparison of Key Eco-Friendly Materials Used in Sustainable Fashion

Material Type Examples

Environmental Benefits

Limitations

Organic Natural
Fibres

Organic cotton, hemp,
linen

Reduced pesticide use,
biodegradable, low water use

Lower yields (cotton), land use
competition

(hemp, linen)

Agro-Waste Fibres

Pifatex, banana fiber,
coconut coir

Upcycling agricultural waste, low
resource input

Limited scalability, mechanical
variability

Bioengineered
Fibres

Bacterial cellulose,
mycelium leather, bio-
silk

Low toxicity, renewable feedstocks,
customizable properties

High production cost, energy-
demanding growth conditions

Mechanically
Recycled Fibres

Recycled cotton,
recycled wool

Reduced landfill waste, low energy
consumption

Fiber degradation, reduced
strength

Chemically
Recycled Fibres

Lyocell, chemically
recycled polyester

Closed-loop systems, high-quality
output, reduced chemical loads

High investment costs, solvent
management challenges

Bio-Based Natural
Dyes

Plant dyes, microbial
pigments

Non-toxic, biodegradable, low
chemical use

Color fastness issues, limited
color range

Technological Innovations Driving
Sustainable Fashion

The adoption of innovative technologies is central to
transforming the fashion industry toward sustainability.
Technological advancements not only reduce environmental
impacts but also enable new business models, enhance
material efficiency, and support circularity. Key areas
of innovation include green chemistry, advanced
manufacturing methods, and digitalization through

Industry 4.0 technologies. These innovations address critical
challenges such as water and energy consumption, chemical
pollution, waste generation, and traceability across complex
supply chains.

Green Chemistry And Sustainable Textile
Processing

Green chemistry focuses on reducing the use of hazardous
substances, minimizing water and energy consumption, and
improving the overall environmental performance of textile
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processing. By applying sustainable chemical practices,
the fashion industry can significantly lower its ecological
footprint while maintaining high-quality fabric properties.

Waterless and Low-Water Dyeing Technologies

Traditional dyeing methods are highly water- and chemical-
intensive, often generating toxic effluents. Innovative
waterless and low-water technologies offer significant
environmental advantages. For instance, supercritical CO,
dyeing uses carbon dioxide under high pressure to dissolve
dyes, completely eliminating water and reducing chemical
usage. This method also improves dye uptake efficiency and
shortens processing times.**Similarly, digital inkjet printing
allows precise deposition of dyes onto textiles, drastically
reducing water and chemical consumption compared to
conventional dye baths, while enabling high-resolution
designs and customization.*

Enzymatic Processing

Enzymes are increasingly applied to replace harsh chemical
treatments in textile finishing processes. Treatments
using cellulases, laccases, and proteases operate under
mild temperature and pH conditions, reducing energy
consumption and minimizing toxic effluents. Enzymatic
scouring, bleaching, and finishing not only improve
environmental performance but can also enhance fabric
texture and appearance, providing a dual benefit for
sustainability and product quality.*

Advanced Manufacturing Technologies

Advanced manufacturing methods are transforming
traditional textile production by enabling precision, waste
reduction, and product customization.

3D Knitting and Seamless Production

3D knitting technologies produce garments directly from
yarn, eliminating the need for cutting and sewing. This
zero-waste approach reduces material loss, enables on-
demand production, and supports mass customization of
clothing.'®*Seamless garments also enhance durability and
comfort, further contributing to sustainable consumption
by extending product lifecycles.

Additive Manufacturing (3D Printing)

Additive manufacturing, or 3D printing, builds products layer-
by-layer, optimizing material usage and minimizing waste.
Emerging biopolymers and composite materials compatible
with 3D printing allow the creation of customized footwear,
accessories, and performance fabrics. This technology
supports localized and small-batch production, reducing
transportation emissions and inventory waste.’

Digital Twin and Virtual Prototyping

Digital twin technologies create virtual representations of
garments or production systems, enabling simulation of

performance, lifecycle impacts, and design modifications
before physical production. This reduces the need for
multiple physical prototypes, saving energy, materials,
and time, while also allowing designers to test circularity
and sustainability features in the early stages of product
development.!®

Digitalization and Industry 4.0 Solutions

Industry 4.0 technologies, including Al, blockchain, and loT,
provide data-driven solutions for supply chain optimization,
traceability, and sustainable product management.

Al and Machine Learning

Artificial intelligence (Al) and machine learning algorithms
are applied to forecast consumer demand, optimize
inventory, and reduce overproduction—a significant source
of fashion waste. Al also supports material selection and
process optimization, improving overall resource efficiency
across the supply chain.®

Blockchain and Digital Product Passports (DPPs)

Blockchain technology enables transparent and immutable
tracking of materials, production processes, and product
lifecycles. Digital product passports, increasingly mandated
under emerging EU regulations, provide standardized
information about composition, recyclability, and
environmental impacts. These tools support circular
business models by facilitating resale, recycling, and
traceability of textile products.?

Internet of Things (IoT) in Smart Garments

loT-enabled textiles integrate sensors into garments to
monitor environmental conditions, wear patterns, or
maintenance needs. Smart garments can communicate with
users or retailers to support longevity, repair, rental, and
resale models, further advancing circularity and sustainable
consumption. Additionally, loT data can inform designers
and manufacturers about material performance, improving
durability and reducing premature disposal.?!

Innovations Supporting Circular Economy
Integration

Transitioning the fashion industry toward a circular economy
requires strategies that extend product life, minimize waste,
and recover resources at the end of a garment’s lifecycle.
Innovations in circular design, reverse logistics, upcycling,
and chemical recycling are crucial for enabling closed-
loop systems and reducing the environmental footprint
of fashion.

Circular Design and Product Life Extension

Circular design focuses on creating garments that are
durable, modular, and easily repairable. By incorporating
principles such as mono-material construction, designers
can simplify the recycling process, as single-material
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products are easier to process at the end of life.?? Modular
designs, detachable components, and adaptable sizing
enable garments to be repaired, updated, or repurposed,
thereby extending their usable life. Techniques such as
reinforced stitching, high-quality finishes, and customizable
parts also contribute to longevity, reducing the frequency
of replacement and overall material demand. Furthermore,
integrating circular design at the early stages of product
development ensures that sustainability considerations
are embedded throughout the lifecycle.

Reverse Logistics and End-of-Life Management

Efficient collection and processing of post-consumer textiles
are essential to close the loop in fashion supply chains.
Reverse logistics systems, supported by technological
solutions, facilitate the collection, sorting, and redistribution
of used garments. Automated fiber identification systems,
such as Near-Infrared (NIR) spectroscopy, enable rapid
and accurate sorting of complex textile blends, improving
recycling efficiency and quality.?® These systems support
multiple end-of-life pathways, including resale, donation,
mechanical or chemical recycling, and repurposing.
Integrating reverse logistics with digital platforms and
tracking systems further enhances transparency, traceability,
and resource recovery.

Upcycling and Waste-to-Value Systems

Upcycling involves transforming textile waste into higher-
value products, such as fashion accessories, home textiles,
or composite materials. Digital tools, including pattern

optimization software and waste simulation platforms,
allow designers to maximize material usage and minimize
offcuts.? By repurposing discarded fabrics, upcycling not
only reduces landfill waste but also creates opportunities for
innovative design and product differentiation. Collaborative
platforms and marketplaces for upcycled products further
support circular business models, enabling small-scale
producers and designers to integrate sustainable practices
into mainstream fashion.

Chemical Upcycling

Chemical upcycling involves breaking down low-quality
or blended textiles into their molecular components and
reprocessing them into high-performance fibers. This
approach enables the recovery of materials that are difficult
to recycle mechanically, such as polyester blends and
multi-component fabrics.?> Emerging processes, including
depolymerization and solvent-based recycling, produce
regenerated fibers suitable for new garments, accessories,
or industrial applications. By closing the material loop,
chemical upcycling contributes to resource efficiency,
reduces reliance on virgin materials, and supports large-
scale circularity in the fashion industry.

These innovations collectively enable a systematic
integration of circular economy principles in fashion,
extending product lifespans, minimizing waste, and
recovering valuable resources. When combined with
sustainable materials and technological advancements,
these strategies offer a pathway toward fully circular and
environmentally responsible fashion systems.

Table 2.Circular Economy Applications and Innovations in Fashion

Circular Strategy Application / Technology

Environmental Benefit Limitations

Modular design, mono-material

Circular Design
garments

Aesthetic/functional

Easier repair and recyclin .
P ycling constraints

Reverse Logistics Al/NIR-based sorting systems

Increased textile recovery

and purity High operational cost

Digital pattern optimization, waste-
to-value platforms

Upcycling
Technologies

Labour-intensive, niche
markets

Waste reduction, value
creation

ChemlFaI Polymer depolymerization of blends ngh-quaht.y regenerated Scaling aTnd regulatory
Upcycling fibers issues

Product Life . . . s
Extension Repair services, rental models Reduced resource demand Business model viability

Challenges And Limitations

Despite notable progress in sustainable fashion materials,
technological innovations, and circular economy integration,
several challenges continue to limit the widespread adoption
and impact of these solutions. Addressing these barriers is
critical to realizing a fully sustainable and circular fashion
industry.

Scalability Of Bio-Based And Lab-Grown
Materials

Although bio-based and lab-grown materials such as
bacterial cellulose, mycelium leather, and bioengineered
silk offer significant environmental benefits, their large-scale
production remains a major challenge. High production
costs, energy-intensive processes, and the need for
specialized facilities hinder scalability and commercial
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viability.?® Additionally, the supply chains for raw bio-
based feedstocks are often fragmented, and seasonal or
geographic variations can affect material consistency and
availability, further complicating widespread adoption.

Limitations In Recycling Infrastructure

The global recycling infrastructure for textiles is currently
insufficient to handle the increasing volume and complexity
of post-consumer waste. While mechanical recycling is
limited to single-material textiles and results in degraded
fiber quality, chemical recycling technologies face challenges
in processing blended fabrics and require substantial
investment in solvent recovery and purification systems.?’
Moreover, the lack of standardized sorting, labeling, and
collection systems across regions reduces the efficiency of
recycling programs, limiting their contribution to circularity.

Consumer Adoption Barriers

Consumer behavior plays a critical role in the success of
sustainable fashion initiatives. High costs of eco-friendly
materials and innovative products often create price
barriers, discouraging mainstream adoption. Additionally,
limited awareness of sustainability issues, lack of trust
in sustainability claims, and preference for fast-fashion
products impede the demand for sustainable alternatives.
Effective marketing, education, and incentives are therefore
essential to shift consumer attitudes and promote circular
consumption patterns.

Regulatory Fragmentation And Policy Gaps

Regulatory frameworks for sustainable fashion and circular
economy practices remain fragmented across regions,
creating uncertainty for innovators and manufacturers.?
Policies governing material safety, recycling standards,
and sustainability reporting vary widely, complicating
compliance and hindering global scaling of circular solutions.
Coordinated policy efforts, harmonized standards, and
supportive incentives are necessary to facilitate the adoption
of new technologies and sustainable business models.

Low Adoption Of Circular Business Models

Despite growing awareness of circular economy principles,
adoption of circular business models in fashion remains
limited. Challenges include complex supply chain logistics,
high initial investment costs, and uncertainty around
profitability.3°Models such as clothing rental, resale, repair,
and take-back programs require robust infrastructure,
consumer engagement, and technological support to be
economically viable. Furthermore, integrating circular
practices into existing linear systems often demands
collaboration across multiple stakeholders, including
suppliers, manufacturers, retailers, and recyclers, which
can slow implementation.

Addressing these challenges requires holistic strategies
that combine technological innovation, policy support,
consumer engagement, and industry collaboration. Only
by overcoming these barriers can the fashion industry
transition toward a truly sustainable and circular model
that balances environmental, social, and economic goals.

Future Directions

As the fashion industry continues to face environmental and
social challenges, a range of future opportunities exists to
advance sustainability and circularity. These directions focus
on integrating technological innovation, policy alignment,
and collaborative efforts to create scalable and high-impact
solutions.

Advanced Materials Through Synthetic Biology
And Material Engineering

Future research and development in synthetic biology and
advanced materials engineering hold promise for producing
high-performance, biodegradable fibers that combine
durability, functionality, and environmental sustainability.
Innovations such as lab-grown silk, bacterial cellulose,
and mycelium-based materials can be optimized for
mechanical strength, elasticity, and aesthetic appeal, while
reducing dependence on virgin resources and minimizing
chemical inputs. Integrating these biofabricated fibers into
mainstream fashion could significantly reduce the ecological
footprint of textiles and enable fully biodegradable
garments.

Standardization Of Digital Product Passports

The widespread adoption of digital product passports (DPPs)
has the potential to transform circular textile systems
by enabling traceability, transparency, and cross-border
material exchange. Developing global standards for DPPs
will ensure consistent reporting of product composition,
recyclability, and lifecycle impacts, facilitating reuse,
recycling, and resale initiatives. Standardized DPPs can
also improve consumer trust in sustainability claims and
provide regulators and brands with actionable data to
monitor compliance and circularity performance.

Ai-Driven Waste Sorting And Robotic Recycling

Future technological advancements in Al-driven sorting and
robotic recycling can dramatically improve textile recovery
rates and processing efficiency. Automated identification
of fiber composition, color, and quality using machine
learning and robotics allows large-scale separation of
complex textile blends, enhancing both mechanical and
chemical recycling outputs. Scaling these technologies will
be critical to addressing the increasing volume of post-
consumer textile waste and closing the material loop in
circular fashion systems.
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Sustainable Chemistry And Renewable Energy In
Textile Processing

Expanding the use of renewable energy sources and bio-
based chemicals in dyeing, finishing, and fiber production
offers additional pathways to reduce environmental impacts.
Solar, wind, or bioenergy-powered processing, combined
with enzymatic and solvent-free chemical treatments, can
lower carbon emissions, water consumption, and chemical
pollution. Research into green chemistry solutions will also
enable safer, energy-efficient production processes for
next-generation sustainable textiles.

Collaborative Innovation Ecosystems

Accelerating sustainable fashion innovation requires
collaboration between industry, academia, and government
stakeholders. Joint research initiatives, pilot projects,
and public—private partnerships can facilitate knowledge
sharing, technology transfer, and the development of
scalable circular business models. Collaborative approaches
also enable the integration of sustainability principles across
supply chains, enhance regulatory alignment, and foster
innovation ecosystems capable of supporting long-term
systemic change in the fashion industry.

Conclusion

Eco-friendly materials and technological innovations are
foundational to the transition toward a sustainable and
circular fashion industry. Bio-based natural fibers, lab-grown
and engineered materials, and recycled or regenerated
textiles have demonstrated significant potential to reduce
reliance on virgin resources, minimize chemical inputs, and
enhance biodegradability. Complementing these material
innovations, advances in green chemistry, digital and smart
manufacturing, Al-driven supply chain optimization, and
advanced recycling technologies provide the tools necessary
to reduce water and energy consumption, lower emissions,
and improve overall resource efficiency.

The integration of circular economy principles, including
product life extension, modular and repairable design,
upcycling, and chemical recycling, further supports the
creation of closed-loop systems that minimize waste
and recover valuable resources. Technologies such as
digital product passports, blockchain, and loT-enabled
smart garments enable traceability, transparency, and
more responsible end-of-life management, facilitating
the adoption of circular business models and sustainable
consumption practices.

Despite these promising developments, systemic challenges
continue to hinder the full-scale implementation of
sustainable fashion solutions. High production costs,
limited scalability of bio-based materials, insufficient
recycling infrastructure, fragmented regulatory frameworks,
and barriers to consumer adoption all require targeted

interventions. Overcoming these obstacles will necessitate
interdisciplinary collaboration among researchers, industry
stakeholders, policymakers, and consumers, as well as the
development of supportive regulations, incentive structures,
and standardized frameworks for circular practices.

Looking forward, the successful integration of emerging
materials, technological innovations, and circular economy
strategies has the potential to transform the fashion industry
into a resource-efficient, environmentally responsible, and
socially equitable system. By combining advanced materials
science, sustainable processing technologies, and data-
driven digital solutions, the industry can achieve long-term
circularity, reduce ecological impacts, and foster innovation
that aligns with global sustainability goals. The ongoing
convergence of these approaches offers a pathway not
only toward environmental stewardship but also toward
reshaping consumer behavior, creating resilient supply
chains, and promoting ethical and socially responsible
fashion practices worldwide.
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