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Abstract

Climate change is increasingly threatening human health, as rising global
temperatures and more frequent extreme weather events intensify risks such as
heat-related illnesses, respiratory problems, and vector-borne diseases. In response,
this review examines the emerging field of climate-adaptive clothing systems, which
offer innovative solutions to mitigate these health risks. Climate-adaptive clothing
systems integrate advanced textiles, functional design features, and sustainable
manufacturing practices. They aim to regulate body temperature, manage moisture,
and protect against environmental hazards, enabling individuals to adapt to various
climatic conditions. Central to these systems are thermoregulatory fabrics engineered
to balance heat retention and dissipation in response to environmental changes. In
hot climates, these fabrics incorporate moisture-wicking properties to cool the body,
whereas in cold environments, they provide enhanced insulation to retain body heat.
Additional features, such as integrated ventilation systems, ultraviolet protection,
water resistance, and quick-drying capabilities, further improve the clothing’s
adaptability and performance under extreme weather conditions. The review also
emphasizes the importance of sustainable practices in developing climate-adaptive
clothing, focusing on eco-friendly materials and production methods to minimize
environmental impact. By promoting thermal comfort, reducing thermal stress,
and increasing resilience to climate variability, these clothing systems represent a
promising strategy for enhancing human well-being in a rapidly changing world.
Ultimately, this review highlights the potential of climate-adaptive clothing systems
as a proactive approach to improving individual resilience to climate change when
contributing to broader sustainability goals.

Keywords: Climate change; Climate-adaptive clothing; Climate resilience; Heat stress;
Textiles industries

1. Introduction

Climate change is one of the most pressing challenges of the 21 century, with
far-reaching implications for human health, well-being, and livelihoods. Rising
temperatures, changing precipitation patterns, and the increasing frequency of extreme
weather events are among its key manifestations, posing significant risks to individuals
and communities worldwide.! Among the various sectors affected by climate change,
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human health stands out as a critical concern, as changing
environmental conditions can lead to a wide range of
health impacts, including heat-related illnesses, respiratory
problems, vector-borne diseases, and malnutrition."* As the
global climate continues to evolve, there is an urgent need
for innovative strategies to adapt and mitigate its adverse
health impacts. One promising avenue for addressing this
challenge is through the development of climate-adaptive
clothing systems. These systems represent a proactive and
practical approach to enhancing human resilience in the
face of changing environmental conditions, equipping
individuals with the means to adapt and thrive in a
dynamic climate. This review seeks to address the research
question: How can climate-adaptive clothing systems be
designed to enhance human resilience and health in the
context of climate change?

The concept of climate-adaptive clothing revolves
around the idea of designing garments and apparel
accessories that can effectively regulate body temperature,
manage moisture, and protect against environmental
hazards across a range of climatic conditions.** By
incorporating advanced textiles, functional design features,
and sustainable manufacturing practices, climate-adaptive
clothing systems aim to address climate-specific challenges
when promoting comfort, safety, and well-being for the
wearer. In the last 5 years, significant advancements have
expanded the potential of this field. Notable developments
include the creation of smart textiles>®, bio-based moisture
management fabrics,” and nanostructured ultraviolet
(UV)-protective coatings.”® These developments signify
substantial technological progress and lay the groundwork
for next-generation climate-adaptive clothing systems.
Furthermore, the incorporation of wearable sensors for
real-time environmental monitoring and personal thermal
control stands out as a leading innovation.

One of the key components of climate-adaptive clothing
systems is thermoregulatory fabrics.* These fabrics are
engineered to optimize thermal comfort by balancing
heat retention and dissipation based on environmental
conditions. For example, in cold climates, such fabrics
may provide enhanced insulation to retain body heat,
whereas in hot and humid environments, they incorporate
moisture-wicking properties to facilitate sweat evaporation
and cooling.’ In addition to thermoregulatory properties,
advanced ventilation systems are often integrated to
enhance breathability and airflow.*® Strategically placed
ventilation zones and adjustable openings allow for
optimal airflow, preventing overheating and moisture
buildup during physical activity or in hot weather.
These features not only enhance wearer comfort but
also reduce the risk of heat-related illnesses such as heat

exhaustion and heatstroke.” Despite these advancements,
several challenges persist. Key issues include achieving
scalable production, maintaining affordability without
compromising performance, ensuring the environmental
sustainability of materials, and overcoming adoption
barriers related to esthetics or cultural preferences.”*
Moreover, balancing high-performance functionality with
user comfort and garment wearability remains a persistent
technical hurdle.?

Protection against environmental hazards is another
crucial aspect of climate-adaptive clothing systems. As
climate change increases exposure to harmful UV radiation,
extreme temperatures, and unpredictable weather patterns,
it is essential for clothing to provide adequate protection
against these hazards.>” To this end, UV-resistant fabrics,
water-resistant coatings, and windproof membranes are
commonly integrated into climate-adaptive garments
to shield the wearer from environmental threats and
minimize health risks. Moreover, climate-adaptive clothing
systems are designed with adaptability and versatility
in mind. Modular and customizable features allow users
to adjust their garments according to changing weather
conditions, activity levels, and personal preferences. For
example, detachable sleeves, hood extensions, and zip-
off panels enable users to tailor their clothing to specific
needs, enhancing comfort and functionality in diverse
environments.

For a deeper understanding of these innovations and
their practical implications, a comprehensive literature
review was conducted using databases such as Scopus,
Web of Science, and Google Scholar, focusing on articles
published over the past 25 years. Keywords included
“climate-adaptive clothing,” “thermoregulatory textiles,’
“modular clothing systems,” and “smart textiles for climate
change adaptation” Studies were included based on their
relevance to climate-resilient clothing systems, material
innovation, and health impacts. Articles focusing solely on
fashion or non-adaptive wearables were excluded.

The innovative points of this study are threefold: (a)
a holistic framework that integrates thermoregulation,
environmental protection, and modular adaptability in
clothing systems; (b) a sustainability-oriented design
pathway incorporating eco-friendly materials and
manufacturing methods; and (c) a user-centered design
philosophy that emphasizes comfort, usability, and broad
demographic adaptability.

This review synthesizes emerging knowledge
on climate-adaptive clothing design, identifies key
technological advances, and highlights gaps for future
research and development. It presents a novel approach
to addressing the intersection of climate change and
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human health through the development of climate-
adaptive clothing systems. While the adverse impacts
of climate change on health are widely recognized, the
innovative aspect lies in the proactive and practical
solutions these clothing systems offer. By integrating
advanced textiles, functional design features, and
sustainable production methods, climate-adaptive
garments provide individuals with the means to regulate
body temperature, manage moisture, and protect
against environmental hazards across various climatic
conditions. Moreover, the emphasis on modularity,
customization, and sustainability reflects a holistic
approach for promoting resilience and well-being in
the face of a changing climate. This study contributes
significantly to the growing body of research on climate
change adaptation strategies, offering tangible solutions
to mitigate its impact on human health.

To guide the reader, the structure of this review is
organized as follows:

e Section 2 introduces the fundamentals of climate-
adaptive clothing systems, delving into the core
principles and concepts that underpin garments
designed to respond dynamically to varying
environmental conditions.

e  Section 3 explores the main components of climate-
adaptive clothing systems, detailing essential elements
such as advanced fabrics and innovative ventilation
technologies.

e Section 4 examines thermal regulation in climate-
adaptive clothing systems, elucidating how these
garments maintain optimal body temperature across
diverse climates.

e  Section 5 presents the holistic concept of a climate-
adaptive clothing system, illustrating how such
systems contribute to both individual and collective
resilience in the face of climate change challenges.

e Section 6 focuses on enhancing thermal comfort,
emphasizing the role of climate-adaptive clothing
systems in ensuring comfort and well-being in varying
environmental conditions.

e  Section 7 delves into the mitigation of thermal stress
through climate-adaptive clothing systems, illustrating
how these innovative garments help alleviate the
impacts of extreme temperatures on the human body.

e  Section 8 outlines key design strategies and guidelines
for climate-adaptive clothing systems, providing
insights into the creative and technical considerations
crucial for designing effective adaptive apparel.

e  Section 9 discusses the implementation and adoption
of climate-adaptive clothing systems, exploring
the challenges and opportunities associated with
integrating these technologies into everyday use

to foster widespread adoption for a more climate-
resilient future.

2. Fundamentals of climate-adaptive
clothing systems

Climate-adaptive clothing systems (Figure 1) represent a
multifaceted approach to addressing the challenges that
climate change poses to human health and well-being.’
At their core, these systems are designed to provide
wearers with the means to adapt and thrive in a variety
of environmental conditions, ranging from extreme
heat to cold temperatures and everything in between.
Understanding the fundamentals of climate-adaptive
clothing systems is essential for grasping their significance
and potential impact in mitigating the adverse effects
of climate change. Central to the concept of climate-
adaptive clothing systems is the integration of advanced
textiles with specialized properties that enhance thermal
regulation, moisture management, and protection against
environmental hazards.® Thermoregulatory fabrics form
the cornerstone of these systems, serving as the primary
interface between the wearer and their surrounding
environment.’ These fabrics are engineered to optimize
thermal comfort by balancing heat retention and dissipation
in response to the prevailing climatic conditions. In hot
and humid environments, thermoregulatory fabrics
incorporate moisture-wicking properties to facilitate sweat
evaporation and cooling, thereby preventing overheating
and reducing the risk of heat-related illnesses.'” Conversely,
in cold climates, these fabrics provide enhanced insulation
to retain body heat and maintain warmth, ensuring the
wearer remains comfortable and protected against cold
stress.!!

In addition to thermoregulatory properties, climate-
adaptive clothing systems often feature advanced
ventilation systems that promote airflow and heat
dissipation.'? Strategically placed ventilation zones and
adjustable openings allow for optimal airflow regulation,
preventing moisture buildup and enhancing comfort
during physical activity or in hot weather. These ventilation
systems work in tandem with thermoregulatory fabrics to
optimize temperature control and moisture management,
further enhancing garment performance.” Protection
against environmental hazards is another critical aspect
of climate-adaptive clothing systems. As climate change
increases exposure to harmful UV radiation, extreme
temperatures, and unpredictable weather patterns, it
is essential that clothing provides adequate protection
against these hazards. UV-resistant fabrics, coatings, and
treatments are commonly integrated into climate-adaptive
garments to shield the wearer from the harmful effects of
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Figure 1. Fundamental design features of climate-adaptive clothing systems
Abbreviation: UV: Ultraviolet.

UV radiation, including sunburn, premature aging, and
skin cancer.'*'® Water-resistant and quick-drying fabrics
help protect against rain and moisture, whereas windproof
membranes protect cold air and reduce wind chill. By
incorporating these protective features into their design,
climate-adaptive clothing systems help minimize health
risks and ensure the well-being of the wearer in diverse
environmental conditions.

Finally, adaptability and versatility are key principles
guiding the design of climate-adaptive clothing systems.
Modular and customizable features allow users to adjust
their garments according to changing weather conditions,
activity levels, and personal preferences. Detachable
sleeves, hood extensions, and zip-oft panels enable users to
tailor their clothing to specific needs, enhancing comfort
and functionality across diverse environments. Adjustable
cuffs, waistbands, and closures provide a customizable fit
for different body shapes and sizes, ensuring maximum
comfort and mobility for the wearer. This adaptability
ensures that climate-adaptive clothing systems remain
relevant and effective in addressing the evolving challenges
of climate change, empowering individuals to stay
comfortable and protected in any situation.

3. Components of climate-adaptive
clothing systems

Climate-adaptive clothing systems are designed with a
comprehensive approach to address the challenges posed
by climate change on human health and well-being. These
systems incorporate a variety of components, each playing
a crucial role in enhancing comfort, protection, and
adaptability under varying climatic conditions. By integrating
advanced textiles, functional design features, and sustainable
manufacturing practices, climate-adaptive clothing systems
offer a holistic solution to mitigating the impacts of climate
change on individuals. This section outlines the main
components of climate-adaptive clothing systems and their
role in promoting resilience in a changing climate (Table 1).

The main components of climate-adaptive clothing
systems work synergistically to provide individuals with
the means to adapt and thrive amid climatic variability.
Through the integration of advanced textiles, functional
design features, sustainable manufacturing practices, and
emerging technologies, these innovative garments offer
a holistic solution for mitigating the impact of climate
change on human health and well-being. As global climatic
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Table 1. Main components of climate-adaptive clothing systems

Components

Description

Thermoregulatory fabrics

One of the central components of climate-adaptive clothing systems is the use of thermoregulatory fabrics. These
fabrics are engineered to optimize thermal comfort by balancing heat retention and dissipation according to the
prevailing environmental conditions. In colder climates, thermoregulatory fabrics provide enhanced insulation to
keep the wearer warm, whereas in hot and humid environments, they incorporate moisture-wicking properties to
facilitate sweat evaporation and cooling. In addition, phase change materials and nanotechnology-based coatings
may be incorporated into these fabrics to enhance heat management and reflectivity. By maintaining optimal body
temperature, thermoregulatory fabrics help prevent heat-related illnesses such as heat exhaustion and heatstroke,
thereby promoting the health and well-being of the wearer.!®'”

Ventilation systems

Climate-adaptive clothing systems often feature advanced ventilation systems to enhance breathability and airflow.
Strategic placement of ventilation zones and adjustable openings allows for optimal airflow regulation, preventing
overheating and moisture buildup during physical activity or in hot weather conditions. These ventilation systems
facilitate the exchange of air between the garment and the surrounding environment, promoting evaporation of
sweat and heat dissipation from the body."®

Ultraviolet (UV) protection

Protection against environmental hazards, particularly harmful UV radiation, is another critical aspect of
climate-adaptive clothing systems. With climate change leading to increased exposure to UV radiation and its
associated health risks, it is essential for clothing to provide adequate protection against these hazards. UV-resistant
fabrics, coatings, and treatments are commonly integrated into climate-adaptive garments to shield the wearer from
the harmful effects of UV radiation, including sunburn, premature aging, and skin cancer. These protective features

not only safeguard the wearer’s health but also enhance their comfort and confidence in outdoor settings."

Water-resistant and
quick-drying properties

Given the unpredictability of weather patterns associated with climate change, water-resistant and quick-drying
properties are essential features of climate-adaptive clothing systems. Treatment of fabric surfaces with hydrophobic

coatings or nanostructures enables them to repel water and expedite drying, minimizing discomfort and health risks
associated with prolonged exposure to wet conditions. These properties ensure that the clothing remains lightweight,
breathable, and comfortable even in rainy or humid environments, thereby enhancing the wearer’s overall experience

and performance.”’

Sustainable manufacturing
practices

Sustainability is a key consideration in the development of climate-adaptive clothing systems, with a focus on
eco-friendly materials, ethical sourcing, and responsible manufacturing practices. By embracing sustainable

materials and production methods, climate-adaptive clothing systems minimize their environmental impact and
promote circularity within the fashion industry. This includes using recycled or renewable materials, reducing
waste and energy consumption, and adopting eco-friendly dyeing and finishing processes. By prioritizing
sustainability, climate-adaptive clothing systems not only mitigate the impact of climate change but also contribute
to environmental conservation and social responsibility.*!

conditions continue to shift, investing in climate-adaptive
clothing systems is essential for building resilience and
safeguarding human health.

4. Thermal regulation in climate-adaptive
clothing systems

Thermal regulation is a critical aspect of climate-adaptive
clothing systems, as these garments are specifically
designed to help individuals maintain optimal body
temperature across diverse environmental conditions.?
Effective thermal regulation is essential for preventing
heat stress, hypothermia, and other adverse health effects
associated with exposure to extreme temperatures.”
Climate-adaptive clothing systems employ a combination
of advanced textiles, innovative design features, and
functional elements to enhance thermal comfort and
ensure the well-being of the wearer. At the heart of
thermal regulation in climate-adaptive clothing systems
are thermoregulatory fabrics engineered to optimize heat
transfer and moisture management. These fabrics balance

heat retention and dissipation according to prevailing
climatic conditions, providing wearers with the flexibility
to adapt to temperature fluctuations.'®” In hot and humid
environments, thermoregulatory fabrics incorporate
moisture-wicking properties that facilitate the evaporation
of sweat from the skins surface. This cooling mechanism
reduces the risk of heat-related illnesses.”* By enhancing
moisture management, these fabrics help maintain dryness
and comfort, even during prolonged physical activity or
exposure to high humidity.

The relationship between heat conduction and fabric
properties, as shown in Figure 2, emphasizes the importance
of thermal conductivity in textile performance. Thermal
conductivity measures a material’s ability to transfer
heat and is influenced by factors like fiber type, weave
structure, thickness, and porosity. Fabrics made from high
thermal conductivity fibers, such as certain synthetics
or metallic blends, allow faster heat transfer, thereby
reducing insulation. In contrast, natural fibers or loosely
woven fabrics with trapped air pockets demonstrate lower
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Figure 2. Dual function of thermal-regulating garments. (A) In hot weather, garments reflect solar radiation and allow body heat to escape, providing
a cooling effect. (B) In cold weather, a thermoregulation garment reflects the body’s own heat, providing warmth to the wearer. (C) Thermal-regulating
garments optimize heat transfer through various pathways, such as conduction, convection, radiation, and evaporation.

thermal conductivity and better insulation. The differences
shown in Figure 2 reflect variations in these structural
characteristics, which affect heat conduction pathways.
Therefore, understanding thermal conductivity is crucial
for designing fabrics tailored for specific applications, such
as thermal insulation, heat dissipation in sportswear, and
temperature regulation in smart textiles.

Conversely, in cold climates, thermoregulatory fabrics
focus on enhancing insulation to trap body heat and
prevent heat loss. Insulating materials, such as down
feathers or synthetic fills, create a barrier against the
cold, helping to maintain a stable core temperature and
prevent hypothermia.’ In addition, windproof and water-
resistant coatings may be incorporated into these fabrics
to block cold air and moisture, further enhancing thermal
comfort in cold and windy conditions. By optimizing
heat retention and insulation, thermoregulatory fabrics
ensure that wearers remain warm and comfortable, even
in freezing temperatures. Ventilation systems are another
crucial component of thermal regulation in climate-
adaptive clothing systems, particularly in hot and humid
environments. Strategically placed ventilation zones, such
as mesh panels or adjustable openings, promote airflow
and heat dissipation, allowing excess heat to escape from
the garment and preventing overheating. Ventilation
systems work in tandem with thermoregulatory fabrics to

optimize temperature control and moisture management,
thereby enhancing overall comfort and performance
in hot weather conditions. By facilitating airflow and
heat exchange, ventilation systems help regulate body
temperature and reduce the risk of heat-related illnesses,
allowing wearers to remain cool and comfortable even in
challenging environments.

In addition to thermoregulatory fabrics and ventilation
systems, adaptive design features play a crucial role in
optimizing thermal regulation within climate-adaptive
clothing systems. Modular and customizable elements,
such as detachable sleeves, hood extensions, or zip-oft
panels, allow wearers to adjust their garments according
to changing weather conditions, activity levels, and
personal preferences.* These adaptive design features
enable garments to be tailored to specific needs, enhancing
both comfort and functionality in diverse environments.
In addition, adjustable cuffs, waistbands, and closures
provide a customizable fit for different body shapes and
sizes, maximizing comfort and mobility.*®

By embracing sustainable materials and production
methods, these systems minimize their environmental
impact and promote circularity within the fashion
industry. This includes the use of recycled or renewable
materials, the reduction of waste and energy consumption,
and the adoption of eco-friendly dyeing and finishing
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processes. Prioritizing sustainability not only mitigates
the environmental impact of climate change but
also contributes to broader efforts in environmental
conservation and social responsibility. Thermal regulation
is a fundamental aspect of climate-adaptive clothing
systems, essential for ensuring the comfort, safety, and
well-being of the wearer under varying environmental
conditions. By integrating thermoregulatory fabrics,
ventilation systems, adaptive design features, and
sustainable practices, these innovative garments empower
individuals to adapt and thrive in a changing climate.
Understanding the principles of thermal regulation is
essential for designers, policymakers, and consumers
alike, as they collaborate to promote resilience and
sustainability in the face of climate change.

Clothing insulation is another key factor in enhancing
thermal comfort, as it helps retain body heat and serves
as a barrier against cold weather. Insulating fabrics, such
as down, wool, and synthetic fibers, are designed to
balance warmth and breathability, allowing perspiration
to escape when minimizing heat loss (Table 2). This
balance is crucial for maintaining comfortable during
various activities, from sports to everyday exposure to
cold weather.

Table 2. Clothing insulation types and their characteristics?**

5. Climate-adaptive clothing system:
Enhancing resilience in a changing climate

Climate change presents unprecedented challenges to
human health, necessitating innovative solutions to
mitigate its adverse effects. Among these solutions, climate-
adaptive clothing systems have emerged as a promising
avenue for enhancing resilience and well-being in the face
of increasingly variable environmental conditions.” These
systems represent a proactive approach to addressing the
specific challenges posed by climate change, equipping
individuals with tools to adapt and thrive in a dynamic
climate. By integrating advanced textiles, functional design
features, and sustainable manufacturing practices, climate-
adaptive clothing systems offer a comprehensive solution
for mitigating the impact of climate change on human
health.

One of the central components of climate-adaptive
clothing systems is the use of thermoregulatory fabrics,
which are engineered to optimize thermal comfort by
balancing heat retention and dissipation according to the
prevailing environmental conditions. In colder climates,
thermoregulatory fabrics provide enhanced insulation to
retain body heat, whereas in hot and humid environments,
they incorporate moisture-wicking properties that facilitate

Insulation Type Description Warmth factor (Rating) ~ Weight ~ Water resistance  Breathability Common uses

Down Natural insulation from duck High Light Low Moderate Jackets, vests
or goose feathers.

Synthetic down Man-made fibers mimicking High Light Moderate High Jackets, sleeping
down’s properties. bags

Polyester fiber Common synthetic Moderate Medium Moderate High Jackets, fleece, base
insulation, affordable and layers
versatile.

Wool Natural fiber that retains heat Moderate to high Medium Moderate Low Sweaters, socks,
even when wet. base layers

Fleece Soft, lightweight synthetic Moderate Light Low High Jackets, blankets,
fabric with good warmth. base layers

Thinsulate Thin synthetic insulation, Moderate to high Light Moderate Moderate Jackets, gloves,
good warmth-to-weight ratio. footwear

PrimaLoft High-performance synthetic High Light High Moderate Jackets, sleeping
insulation, water-resistant. bags

Sherpa Fleece-like fabric with a fluffy Moderate Medium Low Low Linings, outerwear
texture.

Batting Cotton or polyester used in Moderate Medium Moderate Low Quilted jackets,
quilted clothing. blankets

Hemp Natural fiber with some Low to moderate Medium Moderate High Casual wear,
insulating properties. eco-friendly items

Aerogel Lightweight and extremely Very high Light Low Low Technical

insulating material.

outerwear, space
suits
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sweat evaporation and cooling** By maintaining optimal
body temperature, thermoregulatory fabrics help prevent
heat-related illnesses such as heat exhaustion and heatstroke,
thereby promoting the health and well-being of the wearer.
In addition to thermoregulatory properties, climate-
adaptive clothing systems often feature advanced ventilation
systems to enhance breathability and airflow. Strategically
placed ventilation zones and adjustable openings allow for
optimal airflow regulation, preventing overheating and
moisture accumulation during physical activity or exposure
to high temperatures. These systems not only enhance
comfort but also help mitigate the risk of heat-related
illnesses and improve overall performance in outdoor
settings. By ensuring effective moisture management and air
circulation, ventilation systems contribute significantly to
wearer comfort and safety in diverse climatic conditions.*

Protection against environmental hazards is another
critical aspect of climate-adaptive clothing systems. As
climate change increases exposure to harmful UV radiation,
extreme temperatures, and unpredictable weather
patterns, it becomes essential for clothing to provide
adequate protection against these hazards. To address
these challenges, climate-adaptive garments commonly
incorporate UV-resistant fabrics, water-resistant coatings,
and windproof membranes that shield the wearer from
environmental threats when minimizing health risks.
These protective features not only safeguard the wearer’s
health but also enhance their comfort and confidence in
outdoor settings. Moreover, climate-adaptive clothing
systems are designed with adaptability and versatility
in mind. Modular and customizable features allow users
to adjust their garments according to changing weather
conditions, activity levels, and personal preferences. For
example, detachable sleeves, hood extensions, or zip-
off panels enable users to tailor their clothing to specific
needs, enhancing comfort and functionality in diverse
environments. This adaptability ensures that climate-
adaptive clothing systems remain relevant and effective
in addressing the evolving challenges of climate change,
empowering individuals to stay comfortable and protected
in any situation."

Given that the fashion industry is a major contributor to
environmental degradation, there is growing recognition
of the need for sustainable practices in clothing production
and consumption. The integration of eco-friendly
materials, ethical sourcing, and responsible manufacturing
processes is integral to ensuring that climate-adaptive
clothing systems not only mitigate the impact of climate
change but also contribute to environmental conservation
and social responsibility. By embracing sustainability,
climate-adaptive clothing systems align with broader

efforts to promote a more sustainable and resilient future
for all.

6. Enhancing thermal comfort through
climate-adaptive clothing systems

Thermal comfort is a crucial aspect of human well-being,
particularly in environments characterized by extreme
temperatures or fluctuating weather conditions.” Climate-
adaptive clothing systems are specifically designed to
enhance thermal comfort by providing wearers with
effective temperature regulation, moisture management,
and protection against environmental hazards. These
innovative garments employ a combination of advanced
textiles, functional design features, and sustainable
manufacturing practices to optimize thermal comfort and
ensure the well-being of the wearer in diverse climatic
conditions.

In hot and humid environments, these fabrics
incorporate moisture-wicking properties that facilitate the
evaporation of sweat from the skin’s surface, thereby cooling
the body and reducing the risk of heat-related illnesses.
By enhancing moisture management, thermoregulatory
fabrics help maintain dryness and comfort, even during
extended periods of physical activity or exposure to high
humidity. Conversely, in cold climates, these fabrics focus
on providing enhanced insulation to trap body heat and
prevent heatloss. Insulating materials such as down feathers
or synthetic fills form a thermal barrier against the cold,
helping to maintain a stable core body temperature and
prevent hypothermia. In addition, windproof and water-
resistant coatings may be incorporated into these fabrics
to protect against cold air and moisture, further enhancing
thermal comfort in cold and windy conditions.'*"”

Ventilation systems play a crucial role in enhancing
thermal comfort in climate-adaptive clothing systems,
particularly in hot and humid environments. Strategically
placed ventilation zones, such as mesh panels or adjustable
openings, promote airflow and heat dissipation, allowing
excess heat to escape from the garment and preventing
overheating. Ventilation systems work in tandem with
thermoregulatory fabrics to optimize temperature control
and moisture management, enhancing overall comfort
and performance in hot weather conditions. By facilitating
airflow and heat exchange, ventilation systems help regulate
body temperature and reduce the risk of heat-related
illnesses, allowing wearers to remain cool and comfortable
even in challenging environments.'®

In addition to thermoregulatory fabrics and ventilation
systems, adaptive design features play a crucial role in
enhancing thermal comfort in climate-adaptive clothing
systems. Modular and customizable elements, such as
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detachable sleeves, hood extensions, and zip-oft panels,
allow wearers to adjust their garments according to
changing weather conditions, activity levels, and personal
preferences. These adaptive design features enable wearers
to tailor their clothing to specific needs, enhancing
comfort and functionality in diverse environments.
In addition, adjustable cuffs, waistbands, and closures
provide a customizable fit for different body shapes and
sizes, ensuring maximum comfort and mobility for the
wearer.*

Enhancing thermal comfort through climate-adaptive
clothing systems requires a holistic approach that
integrates advanced textiles, functional design features,
adaptive elements, and sustainable practices. By optimizing
temperature regulation, moisture management, and
environmental protection, these innovative garments
empower individuals to adapt and thrive in a changing
climate when promoting resilience and sustainability
for future generations. Understanding the principles of
thermal comfort is essential for designers, policymakers,
and consumers alike, as they work collaboratively to
address the challenges of climate change and ensure the
well-being of communities worldwide.

7. Mitigation of thermal stress through
climate-adaptive clothing systems

Thermal stress, resulting from imbalances between the
body’s heat production and dissipation, is a significant
health concern in various environmental conditions,
ranging from extreme heat to freezing temperatures.’>*
Climate-adaptive clothing systems play a crucial role
in mitigating thermal stress by incorporating effective
thermal regulation mechanisms that help maintain optimal
body temperature, thereby enhancing comfort and safety
for the wearer. These systems integrate advanced textiles,
functional design features, and sustainable manufacturing
practices to address the specific challenges posed by
thermal stress in diverse climatic conditions.”

In hot and humid environments, where excessive
heat and moisture accumulation can lead to heat-related
illnesses such as heat exhaustion and heatstroke, climate-
adaptive clothing systems employ several strategies to
enhance thermal comfort and prevent overheating.* Key
among these strategies is the use of thermoregulatory
fabrics with moisture-wicking properties, which facilitate
sweat evaporation from the skin’s surface, cooling the
body and reducing the risk of heat-related ailments. In
addition, ventilation systems, such as strategically placed
mesh panels and adjustable openings, promote airflow and
heat dissipation, further enhancing the cooling effect.”® By
incorporating these features into their design, climate-

adaptive clothing systems effectively mitigate thermal
stress in hot and humid conditions, allowing wearers
to remain comfortable and safe even in challenging
environments.*

Conversely, in cold climates, where maintaining body
heat is paramount to prevent hypothermia and frostbite,
climate-adaptive clothing systems focus on maximizing
insulation and heat retention when minimizing heat loss.*
Thermoregulatory fabrics with insulating properties, such
as synthetic fibers or down feathers, trap body heat close
to the skin to maintain a stable core temperature.”” In
addition, windproof and water-resistant materials provide
protection against cold air and moisture, further reducing
heat loss through convection and evaporation. Adaptive
design features, such as adjustable hoods, cuffs, and
waistbands, allow wearers to seal out cold air and maintain
a snug fit, enhancing overall warmth and comfort. By
incorporating these elements into their design, climate-
adaptive clothing systems effectively mitigate thermal
stress in cold climates, enabling wearers to remain warm
and comfortable even in freezing temperatures.”

Moreover, climate-adaptive clothing systems offer
versatility and adaptability, allowing wearers to adjust their
garments in response to changing weather conditions,
activity levels, and personal preferences. Modular design
features, such as detachable sleeves, hood extensions, and
zip-off panels, enable users to customize their clothing
to suit their needs, enhancing comfort and functionality
in diverse environments. This adaptability ensures
that wearers can effectively manage thermal stress by
optimizing their clothing for specific conditions ranging
from hot and humid to cold and windy. In addition,
adjustable cuffs, waistbands, and closures provide a
customizable fit for different body shapes and sizes,
ensuring maximum comfort and mobility for the wearer.
By empowering individuals to adapt their clothing to
changing environmental conditions, climate-adaptive
clothing systems enhance resilience and mitigate thermal
stress in a variety of situations.’?

Climate-adaptive clothing systems play a crucial
role in mitigating thermal stress by providing effective
thermal regulation mechanisms to maintain optimal body
temperature and enhance comfort and safety for the wearer.
By incorporating advanced textiles, functional design
features, and sustainable manufacturing practices, these
systems effectively address the specific challenges posed
by thermal stress in diverse climatic conditions, enabling
individuals to adapt and thrive in a changing climate.

Designing climate-adaptive clothing systems to
mitigate thermal stress in different countries requires
a nuanced understanding of the unique environmental
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conditions, cultural preferences, and functional
requirements of each region. Several guidelines and
strategies can be tailored to address the specific challenges
and opportunities presented by various countries around
the world (Table 3).

8. Design strategies and guidelines for
climate-adaptive clothing systems

Designing effective climate-adaptive clothing systems
requires a comprehensive understanding of environmental
conditions, user needs, and functional requirements
(Figure 3). Implementing appropriate design strategies
and guidelines is essential to optimize the performance,
comfort, and sustainability of these systems. Key
considerations during the design process include material
selection, construction techniques, and functional features.
By integrating advanced textiles, innovative design
elements, and sustainable practices, designers can create
climate-adaptive clothing systems that effectively mitigate
the impact of climate change on human health and well-
being.

8.1. Material selection

Material selection is essential for the performance of climate-

adaptive clothing systems, directly influencing thermal

regulation, user comfort, and environmental sustainability.

e  Thermoregulatory fabrics manage body temperature
by balancing heat retention and dissipation.

e  High-performance moisture-wicking materials (e.g.,
synthetic fibers and merino wool) enhance sweat
evaporation and cooling in hot and humid conditions.

e Insulation materials, such as down and synthetic fills,
provide warmth without compromising breathability
in cold climates.’

e  Adaptive fabrics, including phase-change materials,
enable dynamic thermal regulation by responding to
temperature changes.

e  UV-resistant fabrics protect the wearer from harmful
solar radiation, whereas water-repellent treatments
enhance comfort in wet environments.

e  Breathable waterproof membranes (e.g., Gore-Tex®)
improve both water resistance and vapor permeability.

e Sustainable materials, including organic cotton,

Table 3. Guidelines and strategies for climate-adaptive clothing across various countries®**

Region Guidelines and strategies

Middle East « Lightweight and breathable fabrics with moisture-wicking properties are essential to combat heat and humidity.
(e.g., UAE and « Incorporate UV protection and reflective elements to shield against intense solar radiation.

Saudi Arabia) « Integrate ventilation systems, such as mesh panels and adjustable openings, to promote airflow and heat dissipation.

« Design loose-fitting garments with modest styles that adhere to cultural norms and preferences.

« Consider traditional textiles and garment styles, such as lightweight linens and flowing robes, adapted for modern performance
and comfort.

Tropical countries
(e.g., Thailand and
Brazil)

« Prioritize water-resistant properties and quick-drying fabrics to withstand frequent rain showers and high humidity.
« Use breathable materials and strategic ventilation to promote airflow and moisture evaporation.

« Design garments with lightweight and loose-fitting styles to enhance comfort and airflow.

« Incorporate insect-repellent fabrics or treatments to protect against vector-borne diseases.

« Consider vibrant colors and patterns inspired by local cultures and traditions.

Northern Europe
(e.g., Norway and
Sweden)

« Focus on insulation and heat retention using materials such as down feathers or synthetic fills to combat cold temperatures.

« Employ windproof and water-resistant coatings to protect against snow and freezing conditions.

« Integrate adjustable cuffs, hoods, and waistbands for a customizable fit and additional warmth.

« Design multi-layered garments that allow for easy adjustment in response to changing weather conditions.

« Consider traditional Nordic textiles and designs, such as wool sweaters and knitwear, adapted for modern performance and
style.

Southern
Hemisphere (e.g.,

Australia and South

« Prioritize UV protection and sun-safe designs to shield against intense solar radiation.
« Use moisture-wicking fabrics and breathable materials to manage sweat and heat buildup.
« Incorporate cooling technologies, such as phase change materials or evaporative cooling systems, to enhance comfort in hot

Africa) climates.
« Design garments with versatile and adaptable features that can transition from hot days to cool evenings.
« Consider incorporating indigenous patterns and motifs to celebrate local cultures and heritage.
South Asia « Design lightweight and breathable garments with loose-fitting styles to accommodate high temperatures and humidity levels.
(e.g., India and « Prioritize natural fibers such as cotton and linen for their moisture-wicking and breathable properties.
Bangladesh) « Integrate UV protection and sun-safe designs to protect against intense solar radiation.

« Incorporate innovative cooling technologies, such as solar-powered fans or misting systems, to enhance comfort in extreme
heat.

« Consider traditional textiles and craftsmanship techniques, such as handloom weaving and block printing, adapted for modern
performance and sustainability.

Abbreviation: UV: Ultraviolet.
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Design strategies/guidelines

Jor climate-adaptive | :

clothing systems

—— ;

———-

_—

| Modularity and versatility |

Understand climate
conditions

i

Study the climate conditions of the target regions where the

clothing will be used.

Identify user needs and
preferences |

Condluct surveys or interviews to understand the preferences

and needs of potential users.

Material selection

Choose materials that are breathable, moisture-wicking,

insulating, and quick-drying.

Layering system

Develop a layering system that allows users to adapt to

changing weather conditions.

Design clothing items with modular components or features

that can be added or removed based on the climate.

_—

i

Prototype testing

Develop prototypes of climate-adaptive clothing and conduct
field tests in diverse environments to gather feedback from users.

Iterative design process

Use an iterative design process that involves continuous

refinement based on user feedback and testing

Figure 3. Key design strategies and guidelines for developing climate-adaptive clothing systems

recycled polyester, and bamboo fibers, are crucial for
minimizing the ecological footprint of these clothing
systems, ensuring they meet both performance and
sustainability goals.***

8.2. Construction techniques

Effective construction techniques are essential for
maximizingboth the performance and durabilityin climate-
adaptive clothing systems. Seam sealing and waterproof
zippers enhance the water resistance of garments,
preventing moisture from penetrating garments during
rainy conditions. Strategic seam placement and paneling
minimize chafing and maximize mobility, ensuring
comfort during physical activity. Reinforced stitching
and bonded seams improve durability and longevity,
particularly in rugged outdoor environments. In addition,
applying ergonomic design principles optimizes fit and
functionality, with adjustable cuffs, hems, and waistbands
offering personalized comfort and customization.*

8.3. Functional features

Climate-adaptive clothing systems should incorporate a
range of functional features to enhance performance and

versatility. Ventilation systems, such as mesh panels and
adjustable openings, promote airflow and heat dissipation,
preventing overheating in hot climates. Convertible design
elements, such as zip-off sleeves or removable hoods, allow
users to adjust their garments in response to changing
weather conditions and activity levels. Integrated pockets,
loops, and attachment points provide convenient storage
and accessibility for essential items such as phones, keys, or
hydration systems. Reflective elements improve visibility
and safety in low-light conditions, whereas stretch panels
enhance mobility and range of motion.?

8.4. User-centered design

A user-centered design approach is essential to ensure
that climate-adaptive clothing systems meet the needs
and preferences of the intended users. Conducting user
research, surveys, and focus groups can provide valuable
insights into user requirements, functional requirements,
and common challenges. Iterative prototyping and testing
allow designers to gather feedback and refine their designs
based on user input. In addition, considering the diverse
needs of different user groups, such as outdoor enthusiasts,
athletes, or workers in extreme environments, ensures
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that climate-adaptive clothing systems are inclusive and
accessible to all.**

8.5. Sustainability considerations

Sustainability should be a core consideration throughout the
design process, from material selection to manufacturing
practices and end-of-life disposal. Employing eco-friendly
materials, such as recycled fibers or biodegradable
polymers, reduces the environmental footprint of climate-
adaptive clothing systems. Partnering with suppliers and
manufacturers that adopt sustainable practices, such
as using renewable energy and implementing waste
reduction initiatives, promotes responsible production. In
addition, designing garments for longevity and durability,
with components that are repairable and upgradable,
extends product lifespan and reduces the need for frequent
replacements. Implementing take-back programs and
recycling initiatives also encourages responsible disposal
and circularity within the fashion industry.

Effective design strategies and guidelines are essential
for creating climate-adaptive clothing systems that
effectively mitigate the impact of climate change on
human health and well-being. By prioritizing material
selection, construction techniques, functional features,
user-centered design, and sustainability, designers can
develop innovative and sustainable solutions that empower
individuals to adapt and thrive in a changing climate.

Designing  climate-adaptive  clothing  systems
tailored to the diverse climates and cultural contexts of
different regions requires a nuanced understanding of
local environmental conditions, user preferences, and
functional requirements. Design strategies and guidelines
should be adapted to address the specific challenges and
opportunities presented by each region, ensuring that
climate-adaptive clothing systems effectively mitigate
thermal stress, protect against environmental hazards, and
promote resilience and well-being for the wearer.

For instance, in arid regions such as the Middle East,
lightweight and breathable fabrics with moisture-wicking
properties are essential to combat heat and humidity.
Incorporating UV protection and ventilation systems
helps prevent heat-related illnesses. In tropical countries
like Thailand or Brazil, water-resistant properties and
quick-drying fabrics are crucial to withstand frequent
rain showers, whereas breathable materials and strategic
ventilation promote airflow and comfort in high humidity.
In colder climates such as those of Canada or Scandinavia,
insulating materials like down feathers or synthetic
fills help retain warmth, whereas windproof and water-
resistant coatings protect against snow and freezing
temperatures. In addition, integrating sustainable materials

and manufacturing practices is paramount to minimize
environmental impact and promote sustainability
in climate-adaptive clothing systems worldwide. By
embracing local climate conditions, cultural preferences,
and sustainability principles, designers can create climate-
adaptive clothing systems that effectively meet the needs
and preferences of individuals in different countries when
promoting resilience and well-being in a changing climate.

Climate-adaptive clothing systems are designed to
help individuals adjust to varying climatic conditions by
offering comfort, protection, and sustainability. Different
international organizations have issued guidelines and
strategic frameworks to support this climate change
adaptation effort, as outlined in Table 4.

9. Implementation and adoption of climate-
adaptive clothing systems

The successful implementation and widespread adoption
of climate-adaptive clothing systems are essential for
realizing their potential in mitigating the impact of climate
change on human health and well-being.** While these
innovative garments offer promising solutions to challenges
posed by extreme temperatures and fluctuating weather
patterns, their effective deployment depends on multiple
interrelated factors. From addressing technical challenges
to promoting awareness and education, a multifaceted
approach is required to ensure the successful integration of
climate-adaptive clothing systems into everyday life.

One of the key challenges in the implementation of
climate-adaptive clothing systems is the need for continued
technological innovation. While significant progress
has been made in the development of thermoregulatory
fabrics, ventilation systems, and adaptive design features,
ongoing research and development are essential for
advancing the performance, comfort, and sustainability of
these garments. Innovations in materials science, wearable
technology, and sustainable manufacturing practices can
make climate-adaptive clothing systems more appealing
and accessible to a broader consumer base. Collaboration
among researchers, designers, engineers, and industry
partners is essential to drive innovation and accelerate the
path from concept to commercialization.

In addition to technical challenges, the successful
implementation of climate-adaptive clothing systems
depends on overcoming logistical and regulatory barriers.
Issues such as supply chain management, certification, and
compliance must be addressed to ensure the quality, safety,
and reliability of climate-adaptive garments. Standards
and regulations governing the production, labeling, and
marketing of clothing playacrucial rolein building consumer
trust and confidence in these products. Governments,
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Table 4. Guidelines and strategies on climate-adaptive clothing from international organizations**-*

Organization

Guidelines

United Nations Framework
Convention on Climate
Change (UNFCCC)

The UNFCCC stresses the importance of incorporating climate-resilient clothing systems into broader adaptation
strategies. Their guidelines prioritize the integration of climate risk assessments into clothing design and production
processes, the promotion of sustainable materials and manufacturing practices, and the enhancement of community
resilience through capacity building and awareness-raising initiatives.

World Health Organization
(WHO)

The WHO offers recommendations for climate-adaptive clothing systems to safeguard public health in response to
the impacts of climate change. Their guidelines emphasize the significance of clothing in preventing heat-related
illnesses, vector-borne diseases, and other health risks linked to shifting weather patterns. WHO promotes clothing
that offers thermal comfort, UV protection, and moisture management to decrease vulnerabilities to climate-related
health issues.

Intergovernmental Panel on

IPCC assesses the impacts of climate change on various sectors, including clothing and textiles. Their reports

Climate Change (IPCC) inform adaptation strategies that address changing weather patterns, extreme events, and shifts in consumer
preferences due to climate change. IPCC emphasizes the role of innovation, research, and stakeholder engagement
in developing climate-resilient clothing systems.

United Nations The UNDP supports climate adaptation efforts in vulnerable communities, including initiatives related to clothing

Development Programme
(UNDP)

and textiles. Their strategies focus on building adaptive capacity through livelihood diversification, sustainable
value chains, and community-based adaptation projects. The UNDP promotes inclusive approaches that empower
marginalized groups, such as women and indigenous communities, to cope with climate change impacts on
clothing and livelihoods.

International Labour
Organization (ILO)

The ILO focuses on the social and economic aspects of clothing systems that can adapt to climate change, especially
within the garment industry. Their guidelines aim to guarantee fair wages, decent working conditions, and social
protection for workers impacted by the effects of climate change. The ILO promotes sustainable business practices,
responsible supply chains, and inclusive policies to uphold the rights and well-being of workers in the face of a
changing climate.

World Trade Organization
(WTO)

The WTO deals with trade-related aspects of climate-adaptive clothing systems, including market access barriers
and trade regulations. Their guidelines aim to make the international trade of sustainable and innovative textile
products easier when ensuring compliance with environmental and social standards. The WTO promotes
transparency, cooperation, and capacity building to encourage inclusive and environmentally friendly trade in
clothing and textiles.

International Organization
for Standardization (ISO)

ISO develops standards for clothing and textile products to ensure quality, safety, and performance. Their guidelines
cover various aspects of climate-adaptive clothing systems, including thermal insulation, moisture management,
UV protection, and durability. ISO standards help manufacturers and consumers make informed choices about
climate-resilient clothing options.

Abbreviation: UV: Ultraviolet.

regulatory agencies, and industry associations have a
responsibility to establish clear guidelines and standards for
climate-adaptive clothing systems, ensuring that they meet
rigorous quality and performance criteria.

Awarenessand education arealso key drivers ofadoption,
as many consumers may be unaware of the benefits and
availability of climate-adaptive clothing systems. Public
outreach campaigns, educational programs, and consumer
engagement initiatives can help raise awareness about the
importance of thermal comfort, the role of clothing in
mitigating climate-related health risks, and the benefits
of climate-adaptive technologies. Providing accessible
information and resources to consumers, policymakers, and
industry stakeholders can foster a greater understanding of
the value proposition of climate-adaptive clothing systems
and encourage their adoption in everyday life.

Furthermore,  collaboration ~ among  industry
stakeholders, including manufacturers, retailers, and

advocacy groups, is essential for promoting the adoption of
climate-adaptive clothing systems. Joint efforts to develop
and market innovative products, expand distribution
channels, and advocate for supportive policies can create
an enabling environment for the widespread adoption of
climate-adaptive technologies. Public—private partnerships
can leverage collective resources, expertise, and networks to
accelerate the transition toward a climate-resilient clothing
industry. Ultimately, the successful implementation
and adoption of climate-adaptive clothing systems
require a coordinated effort that integrates technological
innovation, regulatory compliance, consumer education,
industry collaboration, and sustainability. By addressing
technical challenges, overcoming logistical barriers,
raising awareness, fostering collaboration, and prioritizing
sustainability, stakeholders can facilitate the widespread
adoption of climate-adaptive technologies. Leveraging
the potential of climate-adaptive clothing systems can
empower individuals to adapt and thrive in a changing
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climate when promoting resilience, sustainability, and
well-being for all.

10. Conclusion and future directions

Climate-adaptive clothing systems offer a promising
solution to the challenges that climate change poses to
human health and well-being. These innovative garments
integrate advanced textiles, functional design features, and
sustainable practices to enhance thermal comfort, moisture
management, and protection against environmental
hazards. By providing wearers with effective temperature
regulation, adaptability, and sustainability, climate-
adaptive clothing systems empower individuals to adapt
and thrive in a changing climate when promoting resilience
and sustainability for future generations.

Lookingahead, several future directions and opportunities
exist to further advance the field of climate-adaptive clothing
systems. One key area of focus is continued research and
development to enhance the performance, comfort, and
sustainability of these garments. Advances in materials
science, wearable technology, and sustainable manufacturing
practices have the potential to further improve thermal
regulation, moisture management, and environmental
footprint of climate-adaptive clothing systems, making them
more appealing and accessible to consumers. Moreover,
interdisciplinary collaboration among researchers, designers,
engineers, and industry partners is essential for driving
innovation and accelerating the adoption of climate-adaptive
technologies. By pooling expertise, resources, and networks
across sectors, stakeholders can overcome technical and
logistical challenges and support the widespread adoption of
climate-adaptive clothing systems.

In addition to technological advancements, efforts to
raise awareness and educate consumers about the benefits
and availability of climate-adaptive clothing systems are
critical for driving adoption. Public outreach campaigns,
educational programs, and consumer engagement initiatives
can help increase awareness about the importance of
thermal comfort, the role of clothing in mitigating climate-
related health risks, and the benefits of climate-adaptive
technologies. By providing information and resources
to consumers, policymakers, and industry stakeholders,
these efforts can foster a greater understanding of the
value proposition of climate-adaptive clothing systems and
encourage their adoption in everyday life. Furthermore,
sustainability considerations must remain at the forefront of
future developments in climate-adaptive clothing systems.
From material sourcing to end-of-life disposal, every stage
of the product lifecycle must be carefully managed to
minimize environmental impact and promote circularity.
By prioritizing sustainable materials, manufacturing

practices, and distribution channels, stakeholders can
ensure that climate-adaptive clothing systems contribute to
environmental conservation and social responsibility when
enhancing thermal comfort and resilience.

In conclusion, the future of climate-adaptive clothing
systems holds great promise for addressing the challenges
of climate change when enhancing human health and well-
being in a changing climate. By embracing innovation,
fostering cross-sector collaboration, promoting public
education, and maintaining a commitment to sustainability,
stakeholders can create the conditions necessary for
widespread adoption. In doing so, we can empower
individuals to adapt and thrive in the face of environmental
uncertainty and contribute to a more resilient, sustainable,
and equitable future for all.
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